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Abstract
Membrane-bounded vesicles ferry protein cargo between successive
compartments of the eukaryotic secretory pathway. In the best understood
examples, vesicle formation is driven by the assembly of cytosolic coat proteins
onto the membrane. The COPII coat is composed of six proteins (Secl3p,
Secl6p, Sec23p, Sec24p, Sec3lp, and Sarlp) and is the principal vesicle
carrier for transport from the ER to the Golgi. To identify novel genes involved in
vesicle formation, we screened for mutations lethal in combination with secl3 in
Saccharomyces cerevisiae, and identified 9 genes that were designated LST
(Lethal with Sec Thirteen). Genetic and phenotypic analyses revealed that the
LST genes can be grouped into two classes: those that appear to be involved in
vesicle formation from the ER (LST1 and LST6), and those related to a post-
Golgi function of SEC13 (LST3, LST4, LST5, LST7, LST8, and LST9).
We have found that Lstl p is a homologue of the COPII subunit Sec24p.
Like Sec24p, Lstl p is a peripheral ER-membrane protein that can form a
complex with Sec23p. Deletion of IstlA results in a defect in the export of the
plasma membrane proton-ATPase (Pmalp) from the ER, but other proteins are
secreted normally. Thus, we propose that a modified COPII coat, with Lstl p in
place of Sec24p, is required for the efficient export of Pmal p from the ER.
From the analysis of LST3, LST5, and LST9, auxotrophic mutations for
serine or threonine synthesis were demonstrated to be lethal when combined
with sec13. The cause of this lethality was traced to a specific defect in the
transport of a subset of permeases-including the general amino acid
permease (Gaplp)-from the Golgi to the plasma membrane. Moreover, LST4,
LST7 and LST8 were also shown to be required for the delivery of Gaplp from
the Golgi to the plasma membrane.
Our finding that delivery of Gaplp to the cell surface required special
factors led us to consider that the transport of Gapi p from the Golgi to the
plasma membrane may be regulated. We have found that Gapilp is not
delivered from the Golgi to the plasma membrane in wild-type cells grown in
glutamate medium, but upon a shift to urea medium Gaplp is rapidly delivered
to the cell surface, resulting in a 100-fold increase in Gaplp activity in 20
minutes. We conclude that a nitrogen-sensing mechanism controls Gaplp
delivery to the cell surface and that SEC13, LST4, LST7, and LST8 are
required for this regulated step in the secretory pathway.
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Chapter 1
Introduction
INTRACELLULAR TRANSPORT AND VESICLE COATS
The pathways responsible for the delivery of proteins to the cell surface
and the lysosome have been well defined and are conserved in mammalian
and yeast cells. Proteins translated on ribosomes in the cytosol are
translocated into the endoplasmic reticulum (ER) and then transported from the
ER to the Golgi apparatus. After passing through the Golgi, proteins are sorted
either to the lysosome or to the plasma membrane. From the plasma
membrane proteins can be endocytosed and delivered either to the lysosome
or returned to the cell surface.
Movement of proteins through the organelles of the secretory and
endocytic pathways is mediated by membrane-bounded vesicles that bud from
one compartment and fuse with the next (Palade, 1975). In the best understood
examples, vesicle formation is driven by the assembly of cytosolic coat proteins
onto the membrane. The assembled coat is thought to set the curvature of the
nascent vesicle and to act in the selection of cargo molecules (reviewed in
Schekman and Orci, 1996).
Three molecularly distinct vesicle coats-the clathrin coat, coatomer, and
COPII-have so far been identified. The clathrin coat was first identified on
endocytic vesicles. It consists of clathrin (light and heavy chains) plus four
additional proteins (AP-2: a-adaptin, P-adaptin, AP50, and AP17), collectively
called the adaptor protein complex (Robinson, 1994). The coatomer coat is
composed of seven proteins (a, P, P', y, , , and Q) and acts in retrograde
transport from the Golgi to the ER (Letourneur et al., 1994). In vitro studies have
suggested that coatomer also plays a role in forward transport between the ER
and Golgi, and between the Golgi cisternae (Bednarek et al, 1995; Malhotra et
al, 1989). However, the role of coatomer in these two processes is in dispute
(Pelham, 1994; Gaynor and Emr, 1997 ). COPII is composed of six proteins
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(Secl3p, Secl 6p, Sec23p, Sec24p, Sec31p and Sarlp) and is the principal
vesicle carrier for transport from the ER to the Golgi (Barlowe et al., 1994).
Specific subunits of the clathrin coat and coatomer act at additional
transport steps, but with different arrays of coat components. In addition to
endocytosis, the clathrin light and heavy chains also act to drive transport from
the Golgi to the endosome (Robinson, 1992), but at this transport step they are
associated with a different adaptor complex (AP-1: P'-adaptin, y-adaptin, AP47,
and AP19). The P and E coatomer subunits, but not the y subunit, also act in
transport between early and late endosomes (Whitney et al., 1995; Aniento et
al., 1996). Although no COPII component has been localized to transport
vesicles derived from any organelle other than the ER, genetic studies have
suggested that Sec23p may play a role in forward transport between early Golgi
compartments (Graham and Emr, 1991).
To maintain the integrity of the organelles within the secretory and
endocytic pathways, cargo proteins must be specifically loaded into vesicles
while resident proteins are left behind. The selection of cargo proteins is
mediated, in at least some cases, by vesicle coat proteins. Both the AP-1 and
AP-2 adaptor complexes interact with the cytosolic domains of integral
membrane cargo molecules (Robinson, 1994). Similarly, purified coatomer
components can bind to the KKXX ER recycling motif, found on many ER-
resident membrane proteins (Cosson and Letourneur, 1994). Recently, a role
for COPII components in cargo sorting at the ER has also been proposed
(Schekman and Orci, 1996).
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THE COPII COAT
Formation of the COPII coat
In yeast and mammalian cells, COPII-coated vesicles deliver proteins
from the ER to the Golgi (Barlowe et al., 1994; Kuge et a., 1994; Scheckman
and Orci, 1996). Genetic and biochemical studies in yeast identified the six
COPII-vesicle components that are required for vesicle formation from ER
membranes both in vivo and in vitro (Hicke et al., 1992; Nakano and
Muramatsu, 1989; Kaiser and Schekman, 1990; Salama et al., 1993; Barlowe et
al., 1994). Five of the six subunits of the COPII coat are found both in the
cytosol and on ER membranes. These include the small GTP binding protein
Sarlp, and the Secl3p/Sec3lp and Sec23p/Sec24p complexes. The sixth
COPII component, Secl6p, is a 240-kD peripheral membrane protein
exclusively found on ER membranes. Based on sequence analysis and
physical interactions with other COPII components (described below), Secl6p
is composed of at least three distinct domains (Espenshade et al., 1995). In
addition to the COPII components, the ER-resident membrane protein Secl2p
is also required for vesicle formation. Secl2p acts as a GDP/GTP-exchange
factor for Sarlp, but does not enter COPII vesicles (Barlowe and Schekman,
1993).
Understanding how the COPII subunits assemble is a first step toward
understanding how COPII vesicles form. Sarlp has been proposed to play a
key role in the assembly of the other COPII subunits onto the ER membrane
(Schekman and Orci, 1996). Recruitment of Sarlp to the membrane is
regulated by its interaction with Secl2p (d'Enfert et al., 1991; Barlowe et al.,
1993). Sarlp, is then believed to recruit the Sec23/Sec24 and Secl3/Sec31
complexes. The membrane association of these complexes is likely through
Secl 6p, which appears to act as a scaffold for coat assembly: Secl3p, Sec23p,
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Sec24p, and Sec31p all bind to Secl6p at distinct sites (Espenshade et a.,
1995; Gimeno et al., 1996; Shaywitz et al., in preparation). Events required for
the initiation of COPII assembly, and how the assembly of the COPII
components leads to vesicle formation, are yet to be elucidated.
Genetic interactions between genes required for COPII-coated
vesicle formation
Genetic interactions between COPII-vesicle formation genes
foreshadowed the physical interactions that were later observed between their
gene products. sec12, sec13, sec16, and sec23 were originally characterized
as temperature-sensitive mutants that blocked ER-to-Golgi transport at the level
of vesicle formation (Novick et al., 1981; Kaiser and Scheckman, 1990).
Although these single mutants grew as well as wild-type at 240C, each double
mutant combination (with the exception of sec12 sec23) was inviable at 240C
(Figure 1). This genetic phenomena-the appearance of a lethal phenotype in
a double mutant, under conditions where either single mutant is viable-is
termed synthetic lethality, and often indicates that two gene products act in a
common process. Mutations in sec24 and sec31 have also been found to have
synthetic-lethal interactions with other genes involved in COPII vesicle
formation (A. Frand, personal communication; Figure 1). These results
suggested that synthetic-lethal interactions with COPII-vesicle formation genes
could be used as a diagnostic for involvement in COPII vesicle formation. This
concept was the basis for the secl3-1 synthetic-lethal screen described in
Chapter 2.
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Secl3p
Identified in the original screen for temperature-sensitive secretory
mutants, SEC13 was later shown to act in the formation of ER-to-Golgi transport
vesicles (Novick et al., 1980, 1981; Kaiser and Schekman, 1990). SEC13 is an
essential gene that encodes a 34-kD peripheral membrane protein (Pryer et al.,
1993). Purification of Secl3p from wild-type yeast cells revealed that it forms a
soluble 700-kD protein complex with the 105-kD protein Sec3lp. The
Secl3p/Sec31p complex is a major component of the COPII coat and is
required for its formation (Barlowe et al., 1994; Bednarek et al., 1995). More
recently, both Secl3p and Sec3lp have been shown to bind independent sites
on Secl 6p, and Sec31p has been shown to bind to Sec24p (D. Shaywitz, in
preparation). These data demonstrate a central physical role for Secl3p in the
COPII coat.
The precise role of Secl3p in vesicle formation is poorly understood, a
point underlined by the finding that SEC13 is not always required for ER-to-
Golgi transport. Mutations in three genes, BST1, EMP24/BST2, and
ERV25/BST3, all bypass the requirement for Secl3p in ER-to-Golgi transport
(Elrod-Erickson and Kaiser, 1996). These mutations cause only subtle defects
on their own: the delivery to the cell surface of a subset of secreted proteins is
slowed, and the resident ER proteins Kar2p and Pdilp escape more rapidly
from the ER. Bstlp, Emp24p, and ERV25p are all integral membrane proteins
localized to the ER (Elrod-Erickson and Kaiser, 1996; Schimmiller et al., 1995;
Belden and Barlowe, 1996). Emp24p and Erv25p form a complex that enters
COPII vesicles, whereas Bstlp is retained in the ER. In one model, Emp24p
and Erv25p have been proposed to act solely as cargo receptors (Schimm6iler
et al., 1995; Belden and Barlowe, 1996). Although this model accounts for a
selective defect in the transport of a subset of cargo molecules, it fails to explain
why ER-resident proteins escape the ER in emp24 and erv25 mutants, or why
mutations in these genes bypass the requirement for SEC13. A second, more
complete model suggests that Bstl p, Emp24p, and Erv25p act as part of a
checkpoint to monitor cargo sorting and COPII coat assembly (Elrod-Erickson
and Kaiser, 1996). Incorporation of Secl3p into the COPII coat would be
required to signal that a mature coat had been formed and counteract the
inhibitory effects at this checkpoint. Loss of this checkpoint would remove the
requirement for Secl3p, but would also decrease the fidelity of cargo sorting at
the ER, allowing ER resident proteins to enter budding vesicles, and causing
some cargo molecules to exit the ER at a slower rate.
Secl3p may also act in processes outside of the secretory pathway.
Secl3p, but not Sec3lp, has been detected in a nuclear-pore subcomplex
(Siniossogluo et al., 1996). However, since secl3 mutants are not defective for
nuclear import, and secl3 mutations do not show interactions with genes
encoding nuclear pore components, the association of Secl3p with the
nuclear-pore subcomplex may not be important for nuclear import.
The predicted sequence of Secl3p is composed almost entirely of six
WD40 repeats, a motif that was first identified in the Gp subunit of the trimeric G-
protein transducin (Fong, 1986). It has since been identified in proteins acting
in gene transcription, mRNA processing, cell cycle progression, cytoskeleton
assembly, development, as well as in signal transduction (van der Voon and
Ploegh, 1992; Neer et al., 1994). The repeats consist of a core region of
approximately 30 amino acids flanked by conserved glycine-histidine and
tryptophan-aspartate (WD) residues, and a variable region of 6 to 94 residues.
Most repeats, however, are made up of only 36 to 46 residues. The crystal
structure of the Gp subunits has been determined, revealing that its seven
repeats form a D-propeller structure in which the WD repeats form seven
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"blades", each composed of a four stranded P-sheet (Wall et aL, 1995;
Lambright et al., 1996; Sondek et al., 1996). Recent biophysical studies of
purified Secl3p have suggested that it has a structure similar to that of the Gp
subunits, but with six instead of seven blades (Saxena et al., 1996). The
relationship between the structure of Secl3p and its function in the COPII coat,
and specifically what regions of the Secl3p structure are responsible for the
interactions with Secl 6p and Sec3lp, remain to be defined.
Cargo loading at the ER: A role for COPII?
The mechanisms by which cargo proteins enter ER-to-Golgi transport
vesicles are not yet understood. Studies in mammalian cells led to two
hypotheses for cargo export from the ER. An early model, suggested as an
explanation for variances in the delivery of cargo molecules to the Golgi,
proposed that secreted proteins carry signal sequences for export from the ER
(reviewed in Lodish, 1988). Despite significant effort, however, neither a
consensus export motif, nor a transport receptor was identified. A later model,
termed bulk flow, proposed that transport out of the ER occurred in a
nonselective manner. This model was based on experiments using synthetic
glycosylation-acceptor tripeptides, which were glycosylated in the ER and then
"secreted" into the medium (Wieland et al., 1987). Since the half-time for
secretion of the glycosylated tripeptides was only 5 to 10 minutes, much quicker
than that for any known protein, it was inferred that special signals were not
required for transit through the secretory pathway. In the bulk flow model,
variances in the delivery of cargo molecules to the Golgi, result from differences
in the kinetics of protein folding and interactions with resident ER proteins.
For several years, the bulk flow model provided a useful framework for
studies of ER-to-Golgi transport. Recently, however, evidence has accumulated
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that has called the bulk flow model into question. Studies in Xenopus oocytes
have indicated that the same tripeptides used in the original study are not
transported to the Golgi after glycosylation in the ER (Geetha-Habib et al.,
1990). Studies in yeast demonstrated that even though similar tripeptides were
glycosylated in the ER, their export from the ER was independent of membrane
bounded vesicles (R6misch and Schekman, 1992). Since it was not
established experimentally that transport of the tripeptides was dependent on
membrane-bounded vesicles in the original bulk-flow study (Wieland et al.,
1987), it is possible that the observed "transport" may have been independent
of the secretory pathway altogether. Furthermore, immunoelectron microscopy
studies demonstrate that at least some secreted proteins are concentrated in
ER-derived vesicles in mammalian cells, a finding that is in direct contradiction
with the bulk-flow hypothesis (Mizuno and Singer, 1993; Balch et al., 1994). It
has therefore been necessary to reconsider the possibility that cargo may be
actively sorted into vesicles at the ER.
By analogy to the subunits of the clathrin coat and coatomer, the COPII
subunits may be responsible for the concentration of cargo molecules into ER-
derived vesicles. Evidence supporting a role for COPII in cargo loading has
recently come from both in vitro and in vivo approaches. COPII-coated vesicles
can be formed in vitro when semi-purified ER membranes and cytosol are
incubated together in the presence of GTP and ATP (Rexach and Schekman,
1991; Barlowe et al., 1994; Rexach et al., 1994). The five soluble COPII
subunits (Sarlp, Sec13p/Sec31p, Sec23p/Sec24p) can satisfy the requirement
for cytosolic protein in vesicle budding (Salama et al., 1993; Barlowe et al.,
1994). By titrating each of the COPII components, different requirements for the
loading of some cargo molecules into vesicles have been uncovered (Campbell
and Schekman, 1997). Higher levels of Sarlp is required to load four
membrane proteins (Emp24p and the three v-snares [vesicle fusion proteins],
Sec22p Boslp, and Betlp) than is necessary for loading the soluble secreted
protein a-factor into COPII coated vesicles. In addition, ER membranes from a
sec16-2 mutant are considerably more defective for the loading of the v-snares
and Emp24p, than they are for the loading of a-factor. These results first
indicated the possibility that diverse adaptor molecules, possibly the COPII
proteins themselves, were involved in the loading of soluble and membrane
proteins into the ER.
Evidence for a direct interaction between different domains of Secl 6p
and cargo molecules has come from two-hybrid screens. One screen, using the
C-terminal region of Secl6p, identified six integral membrane proteins
(Gimeno, 1996). One of the proteins, Hkrpl, is localized to the plasma
membrane where it acts in cell wall synthesis (Kasahara et al., 1994). The
location and functions of the five remaining proteins is unknown. A second two-
hybrid screen, using the Secl 6p central domain, identified Chslp (D. Shaywitz
and C. Kaiser, unpublished results). Chslp is an enzyme required for the
synthesis of the cell wall component chitin, and is localized to the plasma
membrane (Bulawa et al., 1986; Ziman et al., 1996). That Secl6p interacts with
at least two cargo molecules, and possibly several others, suggests that
Secl 6p may act like the adaptins of clathrin coated vesicles, linking protein
cargo to other components of the COPII coat.
If COPII proteins do act to recruit membrane proteins into vesicles it
would explain, in part, why early work studying protein export from the ER failed
to identify a specific sorting signal or receptor. The entire COPII coat could act
as a "receptor surface" with different coat components recruiting different cargo
molecules into the nascent vesicle. Thus, each cargo molecule may have a
distinct binding domain that allows it to interact with the COPII coat. This model
22
requires that sorting receptors exist that link COPII proteins to soluble cargo
molecules. As described earlier, such a role has been proposed for Emp24p
and Erv25p.
MEMBRANE CARGO OF THE YEAST SECRETORY PATHWAY
Most of the proteins delivered to the yeast cell surface are involved in
three processes: mating, cell wall construction, and the transport of small
molecules. Transporters of ions, sugars and amino acids make up the majority
of proteins found in the plasma membrane, and many secreted proteins convert
substrates to forms which are readily transported into the cell from the
surrounding milieu. Members of most of the transporter families recognized in
mammalian cells are also found in S. cerevisiae (Andre, 1995). This
conservation of transporter proteins, and the tractable nature of genetic
manipulations in yeast, makes this organism an ideal system to study the
delivery of transporters to the plasma membrane.
In the study of the yeast secretory pathway relatively little attention has
been paid to the delivery of plasma membrane proteins to the cell surface.
Early studies demonstrated that the transport of both membrane and soluble
proteins was blocked in sec mutants (Novick et al., 1980; Tschopp et al., 1984).
These observations led to the use of three soluble proteins as indicators for
transport through the secretory pathway: the mating pheromone, a-factor; the
periplasmic enzyme, invertase; and the vacuolar protease, carboxypeptidase Y
(CPY). Recently, factors have been identified that appear to be involved in the
delivery of the plasma membrane proton-ATPase (Pmal p) to the cell surface
(Chang and Fink, 1995). Also an ER protein, Shr3p, has been found that is
specifically required for the export of amino acid permeases from the ER
(Ljungdahl et al., 1992). The identification of these factors has led to a renewed
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interest in the study of the delivery of plasma membrane proteins to the cell
surface in yeast.
The plasma membrane proton-ATPase (Pmalp)
Pmalp is a proton pump that both regulates intracelluar pH and
generates a proton gradient across the plasma membrane, which in turn
provides the driving force for nutrient uptake via proton symporters (Serrano,
1984, 1991). Consistent with its central roles in pH homeostasis and nutrient
uptake, deletion of the PMA lgene is lethal (Serrano et al., 1986). Pmal p is a
member of the P-type ATPase-transporter family which also includes the
mammalian [H+, K+], [Na+, K+], and Ca2+-ATPases (Serrano et al., 1986; Gaber,
1992). Therefore, the study of Pmal p transit through the yeast secretory
pathway may create a paradigm for understanding how all P-type ATPases are
delivered to the cell surface.
Pmal p represents 20% or more of the total plasma membrane protein
and is therefore a major cargo molecule of the secretory pathway (Serrano,
1984; Gaber, 1992). Early experiments using immuno-electron microscopy to
examine the location of Pmal p in various sec mutants, demonstrated that
Pmal p was transported through the secretory pathway along with secreted
proteins (Brada and Schekman, 1988). More recently, two classes of secretory
vesicles that are separable on density gradients have been identified (Harsay
and Bretscher, 1995). Pmalp is found in vesicles that contain the cell wall
component, Bgl2p, but is absent from vesicles carrying the periplasmic enzyme
invertase.
Although Pmal p follows the general secretory pathway to arrive at the
plasma membrane, genetic studies have suggested that Pmal p requires
special factors for its transit. In the pmal-7temperature-sensitive mutant, the
mutant Pmal p protein is not delivered from the Golgi to the plasma membrane,
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but is instead directed to the vacuole where it is degraded (Chang and Fink,
1995). Two possible hypotheses have been proposed to explain this
mislocalization. The mutant Pmal p protein may fold incorrectly and then be
targeted to the vacuole as has been observed for soluble lambda repressor-
invertase fusions that carry a misfolded repressor domain (Hong et al., 1996).
Alternatively, the mutant Pmal p protein may carry an altered plasma-
membrane targeting signal which, at high temperatures, goes unrecognized by
sorting machinery at the late Golgi. In this second model, the block in forward
transport would result in Pmal p following a default pathway to the vacuole.
Two homologous genes, AST1 and AST2, are likely involved in the
proper targeting of Pmal p from the Golgi to the plasma membrane.
Overexpression of either gene restores the delivery of the mutant Pmal p to the
cell surface (Chang and Fink, 1995). Astl p has many characteristics that one
would expect for a protein involved in the delivery of Pmal p to the cell surface.
It is localized to both the plasma membrane and to an undefined organelle,
possibly the Golgi. Furthermore, like Pmalp, Astlp is not solubilized by
incubation in Triton X-1 00 detergent, suggesting that the two proteins may be
present in a large complex. In addition, although deletion of AST1 caused no
growth defect, pma 1-7 astlA double mutants showed a synthetic-growth defect
on low pH medium, indicating that AST1 plays a role in Pmal p transport in wild-
type cells. Based on these results Astlp and Ast2p are believed to act either as
chaperones that either help Pmal p to fold, or direct Pmal p to the plasma
membrane.
Pmal p mutants defective for transport out of the ER have also been
identified. When a critical aspartate of the Pmal p catalytic domain is mutated to
an asparigine (Pmal p-D378N), transport of the mutant protein is blocked at the
ER (Harris et al., 1994). This defect in Pmal p transport is dominant, as wild-
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type Pmal p expressed in the same cells also fails to exit the ER. Although the
soluble protease CPY and a subunit of the vacuolar H-ATPase are efficiently
exported from the ER, the a-factor mating-pheromone transporter, Ste6p,
accumulates in the ER of cells expressing Pmalp-D378N (Zhu, 1996). These
findings have led to the suggestion that a special factor may be required for the
efficient transport of Pmal p, and possibly Ste6p, from the ER. As discussed in
Chapters 2 and 5, Lstl p may be such a factor.
Amino acid permeases in S. cerevisiae
The Amino Acid Permease Family
Early genetic and biochemical studies in Saccharomyces cerevisiae
identified the activities of 16 distinct amino acid permeases (reviewed in Horak,
1986). Most of these permeases were found to transport a specific amino acid,
or a group of related amino acids. In addition, a general amino acid permease
capable of transporting all amino acids was identified (Grenson et al., 1970).
Most of the genes encoding the specific amino acid permeases have now been
identified, including the permeases for histidine (Hipl p; Tanaka and Fink,
1985), arginine and other basic amino acids (Canip; Hoffman, 1985), proline
(Put4p; Vandenbol et al., 1989), lysine (Lyplp; Syrchova and Chevallier, 1993),
tyrosine (Tatlp; Schmidt et al., 1994), tryptophan (Tat2p; Schmidt et al., 1994),
glutamine (Gnplp; Zhu et al., 1996), methionine (Mupip and Mup3p; Isnard et
al., 1996) and dicarboxcylic acids (Dip5p; Vissiers et al., 1996). The gene
encoding the general amino acid permease (Gap lp) has also been cloned
(Jauniaux and Grenson, 1990). Recently, with the sequencing of the entire
Saccharomyces cerevisiae genome, nine new genes have been identified that
are also believed to encode amino acid permeases, although their substrates
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are currently unknown (Saccharomyces Genome Database, Cherry et al.,
1997).
With the exception of the methionine permeases, all of the amino acid
permeases identified in yeast belong to a single transporter sub-family (AAP:
amino acid permease) of proton-symporters (Horak, 1986; Andre, 1995). Each
permease is made up of approximately 600 amino acids and sequence
alignments of eight AAP family members have revealed 49 identical amino
acids and nearly 200 conservative replacements (Schmidt et al, 1994).
Furthermore, Kyte-Doolittle hydrophobicity plots for the AAP family members
indicate that the spacing of the 12 transmembrane domains of each protein has
also been conserved (Schmidt et al, 1994; Isnard et al, 1996).
The AAP sub-family is part of a larger group of related transporters
known as the APC family (amino acid, polyamine, and choline). Members of the
APC family transport nitrogenous compounds and have been identified in
prokaryotes, fungi, plants and mammals (Reizer et al., 1993). The mammalian
family members identified to date are cationic amino acid transporters (Kim et
al., 1991; Kavanaugh, 1994). One of these, ecoR, acts as a receptor for the
ecotropic murine leukemia viruses (Albritton et al., 1991). Even though the
ecoR protein from mice transports the same amino acids as the Cani p protein
from yeast, ecoR is no more similar to Cani p than it is to any other yeast amino
acid permease (Reizer et al., 1993).
Regulation of amino acid permease activity in S. cerevisiae
After an amino acid is transported into a yeast cell it suffers one of two
fates: either it is acetylated and then used in protein biosynthesis, or it is
catabolized and used as a nitrogen source (Large, 1986). The amino acid
permeases of yeast have been classically divided into two categories based on
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how they are regulated in response to nitrogen levels, which is believed to
indicate whether the amino acids they transport are incorporated into new
proteins or catabolized (Cooper, 1982). The general amino acid permease,
Gaplp, and the proline permease, Put4p, are considered to be catabolic
permeases, acting primarily to take up amino acids for use as a general source
of nitrogen (Cooper, 1982). In the presence of a rich nitrogen source, such as
glutamine or glutamate, the activity of these two permeases is low
(Courschesne and Magasanik, 1983; Grenson, 1992). However, in medium
supplemented only with a poor nitrogen source, such as urea or proline, the
activity of these permeases is up to 1000-fold higher. The specific amino acid
permeases, other than Put4p, are considered to take up amino acids primarily
for utilization in protein biosynthesis. The activities of these permeases are high
under conditions of nitrogen excess-when amino acids can be used
exclusively for biosynthesis-but are 10 to 50-fold lower when nitrogen is
limiting for growth (Olivera et al., 1993). Thus, the yeast cell coordinately
regulates the two groups of permeases based on its nitrogen requirements.
Although little is known about the regulation of most of the amino acid
permeases, the molecular basis for the regulation of Gaplp has been the focus
of study for 15 years (Grenson, 1992; Magasanik, 1992). This work has been
conducted in two genetic backgrounds (S288C and ,1278B), in which the
regulation of Gaplp activity is different. For example, in ammonia medium,
Gap1p is not expressed in 11278B cells, whereas Gap1p activity is high in
S288C cells. One locus possibly responsible for this difference has been
identified (Courchesne and Magasanik, 1983). Mutation of the PER1 gene in
11278B strains results in high Gaplp activity in cells grown in ammonia. The
PER1 gene has never been cloned and little is known about the molecular
differences between the two genetic backgrounds. As all of the work described
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in the following chapters was conducted using strains of S288C background,
the regulation of Gap1 p in this background is therefore the focus of this section.
Gaplp activity is controlled at multiple levels. In media with either
glutamate, urea, ammonia or proline as the sole nitrogen source the GAPi
gene is transcribed. However, GAP1 transcription is repressed in medium
supplemented with glutamine. Transcription of GAP1 on glutamate is activated
by Gln3p, whereas on ammonia, urea, and glutamate, transcription is activated
by both GIn3p and Nillp (Stanbrough and Magasanik, 1995). Both proteins
have similar zinc-finger domains that bind to the same site in the GAP1
promoter (Stanbrough and Magasanik, 1996). On glutamine medium,
repression requires the activity of the URE2 gene, which blocks activation of
GAP1 by physically interacting with GIn3p (Blinder et al., 1996).
Gapl p translation does not appear to be regulated, but Gap1 p activity is
controlled by posttranslational mechanisms allowing for the rapid inactivation of
Gaplp (Stanbrough and Magasanik, 1995). When cells grown in urea medium
are transferred to a medium containing glutamine, Gaplp activity decreases to
20% of its original value in 25 minutes. This has been shown to coincide with
the dephosphorylation and subsequent degradation of Gaplp (Stanbrough and
Magasanik, 1995). Similar work in the 11278B background has shown that a
shift from proline to ammonia medium also results in the loss of Gaplp activity
and the subsequent degradation of Gaplp (Hein et al., 1995). In this
background a ubiquitin ligase, Npilp, is required for both the inactivation and
degradation of Gapip. Npilp-dependent ubiquitination is known to be
required for the endocytosis and vacuolar degradation of the uracil permease
and the maltose permease (Galan et al., 1996; Lucero and Lagunas, 1997). It is
therefore presumed that the Npilp-dependent degradation of Gapilp occurs in
the vacuole after internalization of Gap1 p, although this is yet to be
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demonstrated. It is currently unknown if Gaplp is inactivated by the same
mechanism in both the S288C and 11278B backgrounds.
Transit of amino acid permeases through the secretory pathway
Early studies with sec mutants demonstrated that general factors
required for secretion were also required for the delivery of amino acid
permeases to the plasma membrane. SEC1, a gene required for the fusion of
secretory vesicles to the plasma membrane, was shown to be required for the
activity of Can 1p at the cell surface (Tschopp et al., 1984). Similar work showed
that mutations in SEC1 blocked the increase in proline uptake activity
associated with the induction of Put4p permease expression (Courschesne and
Magasanik, 1983).
The first evidence that amino acid permeases may require specific
factors for their transit through the secretory pathway came with the
identification of SHR3, which encodes an integral membrane protein localized
to the ER (Ljungdahl et al., 1992). The original shr3 alleles were identified in a
screen for mutants resistant to normally toxic levels of histidine. In addition to
affecting histidine uptake, mutations in SHR3 affected the activities of several
other permeases, including Gaplp. The defect in Gaplp activity was shown to
be due to a block in the exit of Gapl p from the ER. Transit of other proteins to
the cell surface and to the vacuole were normal, pointing to a specific role for
SHR3 in the transport of amino acid permeases from the ER. Recently,
experiments using the in vitro COPII-vesicle formation assay further
demonstrated that Shr3p is specifically required for the loading of amino acid
permeases into vesicles (Kuehn et al., 1996).
Two models have been proposed for the role of Shr3p in amino acid
permease transit through the ER. Shr3p may act in the folding of permeases
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after they are translocated into the ER membrane, and therefore in shr3
mutants the folding of amino acid permeases would be impaired and the
permeases retained in the ER, as are other misfolded proteins (Klausner and
Sitia, 1991). In a second model, Shr3p would act to directly load permeases
into nascent vesicles. No data confirming either model has been presented to
date.
Shr3p is not the only special factor required for the transit of Gap lp
through the secretory pathway. We have found that Gapip also requires
several special factors for its delivery to the cell surface (Roberg et al. 1997;
Chapters 3 and 4). These factors allow for the regulated transport of Gaplp
from the Golgi to the plasma membrane in response to different nitrogen
sources. Such regulation has not been previously observed in yeast, but
resembles the regulated delivery of transporters to the plasma membrane in
mammalian cells.
REGULATED DELIVERY OF TRANSPORTERS TO THE CELL
SURFACE
One mechanism animal cells use to modulate solute transport is the
regulated delivery of transporters from an intracellular compartment to the cell
surface in response to an external stimulus. For example, in renal-duct cells
water channels are delivered to the plasma membrane in response to
vasopressin (Nielsen et al., 1995), and in stomach epithelial cells the [H+-K+]-
ATPase is delivered to the plasma membrane in response to gastrin
(Urushidani and Forte, 1987). Similarly, in fat and muscle cells, the GLUT-4
glucose transporter is segregated into a specialized post-Golgi compartment,
and is delivered to the cell surface in response to an increase in insulin levels
(Haney and Mueckler, 1994). Regulated delivery of GLUT-4 is the best
characterized of these examples and is therefore the focus of this section.
Insulin acts specifically on myocytes and adipocytes to effect a 15 to 30-
fold increase in the ability of these cells to take up glucose (Elbrink and Bihler,
1975). This induction results from a 15 to 40-fold increase in the GLUT-4
protein present in the plasma membrane after exposure to insulin, which is
accompanied by a decrease in the levels of internal GLUT-4 (Cushman and
Wardzala, 1980; Suzuki and Kono, 1980; Calderhead et al., 1990; Slot et al.,
1991a). Studies of the kinetics of GLUT-4 transit, demonstrated that the rate of
endocytosis of GLUT-4 decreased only slightly in response to insulin (less than
0.25-fold), whereas the GLUT-4 exocytosis rate increased 9-fold (Yang and
Holman, 1993). Thus, a change in the rate of exocytosis is responsible for the
accumulation of GLUT-4 in the plasma membrane in stimulated cells.
The identity of the compartment in which GLUT-4 is stored in
unstimulated cells is unclear. Some data suggest a significant portion of GLUT-
4 resides in recycling endosomes. For example, the transferrin receptor (a
marker of the recycling endocytic pathway) was found to copurify with
membranes containing GLUT-4 that had been isolated from unstimulated
adipocytes by immunoadsorption (Tanner and Lienhard, 1989). In addition,
endosome ablation experiments have suggested that 40% of the total cellular
GLUT-4 resides in an endocytic compartment in unstimulated cells (Livingstone,
et al., 1996). These data, however, appear to contradict immunolabelling
studies that indicated that GLUT-4 levels were low in the endosomal pathway of
unstimulated brown fat cells (Slot et al., 1991a, 1991b). Furthermore, no
transferrin receptor was found to copurify with GLUT-4 membranes isolated
from unstimulated skeletal muscle by immunoadsorption (Aledo et al., 1995).
Finally, in unstimulated skeletal myotubes, GLUT-4 was shown to be localized
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to the trans-Golgi by indirect immunofluorescence microscopy, but did not
colocalize with transferrin receptor staining (Ralston and Plogh, 1996). From
these data, it appears that a large portion of GLUT-4 protein in unstimulated
cells is located in a structure that may be contiguous with, or derived from, the
trans-Golgi. In addition, it appears that a fraction of GLUT-4 may be located in
recycling endosomes, although the presence of GLUT-4 in the endosome may
be cell-type specific.
Even though several vesicle-mediated transport steps of the secretory
and endocytic pathways have been well characterized, the molecular
mechanisms governing the regulated delivery of GLUT-4 to the cell surface
remain to be defined. While the study of other vesicle-mediated transport steps
has been aided by parallel studies in mammalian and yeast cells, no yeast
cognate of GLUT-4 regulated transport has previously been identified. As
described in Chapter 3, we have found that transport of Gapl p to the cell
surface is regulated. Gaplp transport from the Golgi to the plasma membrane
is inhibited by growth on glutamate. However, when cells grown in glutamate
are transferred to a medium containing urea as the sole nitrogen source, Gaplp
activity increases 100-fold in twenty minutes with a concomitant increase in the
level of Gapip protein in the plasma membrane. We have also identified four
genes, SEC13, LST4, LST7, and LST8, that are all required for this regulated
delivery of Gaplp to the cell surface. The identification of human homologues
of both SEC13 and LST8 (Shaywitz et al, 1995; Chapter 4) suggests the study
of the regulated delivery of Gaplp to the cell surface may provide a useful
paradigm for regulated transport in mammalian cells.
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Figure 1. A summary of synthetic-lethal interactions between sec genes
involved in ER-to-Golgi transport (Kaiser and Schekman, 1990; A. Frand,
personal communication). Lines between genes represent inviable
combinations at 240C. sec12 sec23 double mutants are viable as are all
combinations between sec12, sec13, sec16, sec23, sec24, and sec31, with
secl7 or sec18. The sec24 sec31double-mutant combination has not been
tested.
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Chapter 2
Lstlp is required for the export of the plasma membrane
proton-ATPase (Pmalp) from the ER
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PREFACE
This chapter represents primarily my own work. Peter Espenshade assisted in
the cell fractionation experiment described in Figure 4 and contributed strains
and plasmids used in Figure 5. Ruth Gimeno constructed the GST-LST1 and
lexA-LST1 fusions used in Figure 5 and Table 4.
A modified version of this chapter will soon be submitted to Molecular Biology of
the Cell.
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ABSTRACT
In Saccharomyces cerevisiae, temperature-sensitive alleles of sec12,
sec13, sec16, and sec23 block COPII vesicle formation at nonpermissive
temperatures, but affect neither growth nor secretion at 240C. In contrast, most
double-mutant combinations of these alleles are lethal even at 240C. To
identify novel genes involved in COPII vesicle formation, we screened for
mutations lethal in combination with secl3 at 240C. We identified nine genes
that we designated LST (Lethal with sec-thirteen). Of these, only Istl and Ist6
showed genetic interactions with other sec genes involved in vesicle formation
at the ER. We have found that Lstl p is a homologue of the COPII subunit
Sec24p. Like Sec24p, Lstl p is a peripheral ER-membrane protein that can
form a complex with the COPII subunit Sec23p. Although IstlA mutants are
viable at 240C on all media, they grow poorly at higher temperatures on acidic
media. This sensitivity to low pH results from a specific defect in the export of
the plasma membrane proton-ATPase from the ER. We propose that a modified
COPII coat, with Lstl p in place of Sec24p, is required for the efficient export of
Pmalp from the ER.
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INTRODUCTION
The transport of proteins between secretory and endocytic organelles is
mediated by membrane-bounded vesicles (Palade, 1975). In the best
understood examples of intracellular vesicle formation, cytosolic coat proteins
are assembled onto the membrane, leading to deformation of the membrane
into a vesicle. Many of these coat proteins have also been recognized to act in
the recruitment of cargo into vesicles (reviewed by Schekman and Orci, 1996).
In ER to Golgi transport, a set of proteins known as COPII forms the coat of the
principle vesicle carriers (Barlowe et al., 1994). Although a role for the COPII
coat in cargo loading has been suggested (Campbell and Schekman, 1997), no
direct evidence for any COPII component in cargo loading has been
demonstrated.
The COPII-vesicle coat contains the Sec23p/Sec24p and
Secl3p/Sec31p protein complexes, as well as Secl6p and the small GTP-
binding protein, Sarlp (Barlowe et al., 1994; Espenshade et al., 1995). Sarl p
appears to be a regulator of coat assembly. Action of the ER-resident
membrane protein Secl2p, a guanine nucleotide exchange factor for Sarlp,
causes Sarlp to bind to the ER membrane (Barlowe and Schekman, 1993).
Membrane associated Sarlp, in turn recruits the soluble Sec23p/Sec24p and
Secl3p/Sec31p complexes (Schekman and Orci, 1996). Secl6p resides on
the ER membrane and binds to the cytosolic coat proteins complexes, likely
organizing their assembly onto the membrane (Espenshade et al., 1995;
Gimeno et al., 1996; Shaywitz et al., in preparation).
Many of the physical interactions between COPII proteins had been
previously suggested by genetic interactions (Kaiser and Schekman, 1990). At
360C sec 12, sec 13, sec 16, and sec23 temperature sensitive mutants are
inviable, but grow as well as wild-type at 241C. Most double-mutant
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combinations of these genes, however, are inviable even at 24°C. These
genetic interactions, known as synthetic lethality, were limited to genes involved
in COPII vesicle formation and were not observed between genes involved in
vesicle formation and those involved in vesicle fusion (Kaiser and Schekman,
1990). This specificity suggested that multiple synthetic-lethal interactions with
COPII-vesicle-formation genes could be used as a diagnostic for novel genes
involved in COPII vesicle formation.
In a synthetic-lethal screen aimed at identifying new components of the
COPII coat, we have identified nine LSTgenes (Lethal with sec-thirteen). The
majority of the LST genes show synthetic-lethal interactions only with sec13. As
described elsewhere, we have found that these genes are related to a novel
role for SEC13 in the regulated delivery of specific amino acid permeases to the
cell surface (Roberg et al., 1997; Chapter 3, 4). In contrast, Istl and lst6 are
lethal in combination with several COPII genes, and we therefore considered it
likely that they played a role in vesicle formation at the ER. In this report, we
focus on LST1 and find that it encodes a homologue of the COPII subunit,
Sec24p. Like Sec24p, Lstl p is a peripheral membrane protein localized to the
ER that can form complexes with Sec23p. Furthermore, we show that at high
temperatures, LST1 is required for the efficient export of Pmal p from the ER to
the Golgi. Our results suggest the existence of a novel COPII-like coat, and
provide the first evidence indicating a role for the COPII coat in cargo sorting at
the ER.
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MATERIALS AND METHODS
Strains, Media and Recombinant DNA Techniques
The S. cerevisiae strains used in this study are listed in Table I. Rich
medium (YPD) and synthetic complete medium (SC) were prepared according
to Kaiser et al. (1994). For analysis of growth on low pH media, YPD was
acidified to pH 3.8 with HCI. Genetic manipulations were performed according
to standard protocols (Kaiser et al., 1994). DNA manipulations were carried out
as described in Sambrook et al. (1989).
Synthetic Lethal Screen
The following plasmids and strains were constructed for use in the
sec13-1 synthetic-lethal screen. The plasmid, pKR1, carries a 1.8-kb Sall-
BamHI fragment containing SEC13, excised from pCK1313 (Pryer et al., 1993)
and inserted into pRS316 (Sikorski and Heiter, 1989). pKR4 carries the same
1.8-kb Sall-BamHI fragment, as well as a 3.8-kb Nhel-BamHI fragment
containing ADE3 from pDK255 (Koshland et al., 1985), both inserted into the
vector pRS315 (Sikorski and Heiter 1989). CUY563 and CKY45 were crossed
to produce a MATa ade2 ade3 leu2 ura3 secl3-1 segregant which was
transformed with pKR4 to give CKY423. CKY424 was generated by switching
the mating type of CKY423 by ectopic expression of the HO gene (Herskowitz
and Jensen, 1991).
Cultures of CKY423 and CKY424 were irradiated with a germicidal UV
lamp at a dose that gave 10% cell survival (Lawrence et al., 1991).
Mutagenized cells were plated on YPD at a density of 150 colonies per plate.
After five days of growth at 240C colonies that had a solid red color and no white
sectors were selected for further analysis. The dependency of the nonsectoring
phenotype on the secl3-1 mutation was tested by transforming candidate
mutants with either pKR1 or pRS316. Strains that sectored after transformation
with pKR1, but not after transformation with pRS316, were scored as sec13-1
dependent.
Complementation tests were performed by mating mutants isolated from
CKY423 with those isolated from CKY424. Zygotes isolated by
micromanipulation were scored for their ability to sector after five days. The
largest complementation group was shown to consist of secl3 null alleles by a
linkage test. In crosses of mutants from this group to either CUY563 or
CUY564, the nonsectoring phenotype segregated 2:2 indicating complete
linkage of the trait to the SEC13 locus. In contrast, crosses of mutants in other
complementation groups to either CUY563 or CUY564, typically gave 1:3
segregation for the failure to sector, indicating that the secl3-1 mutation
together with a second mutation in an unlinked gene conferred the
nonsectoring phenotype. The genes defined by these complementation groups
were designated LSTfor lethal with sec-thirteen. All Ist mutant strains were
backcrossed to a parental strain twice.
For use in crosses to evaluate /st mutations on their own, Ist sec13-1
double mutants carrying the pKR4 plasmid were converted to Ist single mutants
by integration of a wild-type copy of SEC13 at the sec13-1 locus using the
plasmid p1312 (Pryer et al., 1993). Transformants were subsequently grown on
YPD and cells from white sectors (indicating loss of pKR4) were isolated. The
integration of a wild-type copy of SEC13 was confirmed by the ability of the cells
from white sectors to grow at 360C, a temperature restrictive for the secl3-1
mutation. Owing to the poor growth of Ist9 strains, we were not able to construct
a Ist9 single mutant by this method.
To test for synthetic-lethal interactions between Ist mutations and
mutations in sec genes, Ist mutants CKY435 (Istl-1), CKY436 (Ist2-1), CKY437
(Ist3-1), CKY438 (Ist4-1), CKY439 (Ist5-1), CKY440 (Ist6-1), CKY441 (Ist7-1),
and CKY442 (Ist8-1) were crossed to the sec mutants CKY45 (secl3-1), CKY50
(sec16-2), CKY78 (sec23-1), and CKY450 (sec31-1). As most of the Ist
mutations did not confer a phenotype which could be readily followed through a
cross, inviability of a given Ist sec double mutant was inferred by the following
criteria. The lethality had to segregate as a two-gene trait (most tetrads giving a
segregation pattern of 1:3 for lethality). In addition, phenotypic analysis of the
surviving spore clones had to show that the sec mutation participated in the
lethality.
Isolation of the LST1 Gene and DNA Sequence Analysis
The LST1 gene was cloned by complementation of the Istl secl3-1
synthetic lethality using the sectoring assay. The strain CKY426 (MA Ta Istl
sec13-1 ade2-101 ade3-24 leu2-3, 112 ura3-52 [pKR4]) was transformed with
genomic libraries constructed in the pXYES and pCT3 vectors (Elledge et al.,
1991; Thomas, 1993). To allow for easy detection of sectored colonies,
transformants were plated at a density of 150 per plate. Plasmids rescued from
sectored colonies were shown to restore sectoring upon retransformation of
CKY426. Plasmids which carried wild-type copies of SEC13 were identified by
their ability to complement a sec13-1 temperature sensitive allele and then not
studied further. Restriction analysis showed that two additional regions of
genomic DNA were capable of rescuing the Istl secl3 synthetic lethality.
Representative clones, p21-31 and p77-2, were selected for each region. The
insert of p21-31 (a clone in the pCT3 vector) was excised by digestion with
EcoRI and HindIll and ligated into pRS306 to create pKR7. The insert of p77-2
(a clone in the pYES vector) was excised by digestion with Xhol and ligated
into pRS306 to generate pKR20. By integrative genetic mapping pKR20 was
shown to carry the LST1 gene and pKR7 was shown to carry a low-copy
suppressor.
For sequencing of the LST1 gene, the 3.5-kb insert of p77-2 was
subcloned into the Xhol site of pRS316 to create pKR17. A Hindill site, located
near the center of the insert was used to generate two Xhol-Hindlll subclones
with insert sizes of 2.0-kb (pKR18) and 1.5-kb (pKR19). pKR17, pKR18 and
pKR19 were used to generate nested deletions as described in Henikoff, 1984.
These clones were then used to sequence both strands by the dideoxy method
following the Sequenase protocol (USB, Cleveland, OH).
Construction of IstlA mutants
To generate a deletion of LST1 a construct with the LEU2 gene flanked
by 5' and 3'-noncoding sequence from the LST1 gene was used The deletion
construct was made as follows: A 2.0-kb HindllI-BamHI fragment containing the
LEU2 gene from plasmid pJJ252 (Jones and Parakash, 1990) was inserted
downstream of the N-terminal half of LST1 in pKR18. Into the resulting plasmid
was inserted a 250 bp Bcll-Sacl fragment from the LST1 3'-noncoding region to
create pKR28. The N-terminal coding region of LST1 (with the exception of aa
1-13) was removed by deleting a 1.7-kb Eco47111-Mscl fragment from pKR28 to
create pKR28A. The IstlA::LEU2 construct was then liberated from pKR28A by
digestion with Xhol and transformed into the wild-type diploid strain CKY348
(MA Ta/a leu2-3/leu2-3 ura3-52/ura3-52). Sporulation of the resulting strain
produced viable haploid IstlA mutants that were identified as Leu+ segregants.
Epitope Tagging of Lstlp
The epitope tagged LST1-HA fusion was created as follows. The Notl
site present in the polylinker of pKR17 was removed by deleting the 350-bp
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Smal-Nael fragment to create pKR17A. A 12-bp linker carrying a Notl site
(#1127; New England BioLabs, Beverly, MA) was inserted at the Ecor47111 site
(overlapping codon 13) of pKR17A to create pKR17N. pKR17HA is the 100 bp
Notl fragment from pGTEPI (Tyers et al, 1993), which carries three consecutive
iterations of the HA epitope, inserted into the Notl site of pKR17N. Restriction
analysis using sites flanking the point of insertion revealed two 100 bp inserts
were present in pKR17HA. pKR17HA was transformed into a IstlA strain to
make CKY535 (MATa Ist1A::LEU2 leu2-3, 112 [pKR17HA])
Western Analysis
Samples for Westem analysis were prepared in ESB (60 mM Tris-HCI
[pH 6.8], 100 mM DTT, 2% SDS, 10% glycerol, 0.02% bromophenol blue) as
described below for specific experiments. 10 to 30 gL of samples were
resolved by SDS-PAGE (Laemmli, 1970). Western blotting was conducted
according to standard protocols (Harlow and Lane, 1988). For Western
analysis of Lstl p, 0.1% SDS was included in the transfer buffer. The following
antibodies were used: mouse monoclonal 12CA5 anti-HA (BabCO, Richmond,
CA) at a 1:1,000 dilution; rabbit anti-Pmal p (a gift of A. Chang) at a 1:500
dilution; rabbit anti-Gaslp (a gift of H. Riezman) at 1:10,000 dilution; rabbit anti-
Sec61l (a gift of R. Schekman) at 1:3,000 dilution; HRP coupled sheep anti-
mouse Ig and HRP coupled sheep anti-rabbit Ig (both Amersham Corp,
Arlington Heights, IL) at a 1:10,000 dilution. Blots were developed using
chemiluminescence (Amersham).
Indirect Immunofluorescence
The intracellular location of Lstlp and BiP were visualized by indirect
immunofluorescence as described in Pringle et al., 1991. CKY534 which
expresses the Lstlp-HA, was grown in SC medium to exponential phase.
Formaldehyde was added directly to the growth medium to a final concentration
of 3.7%. After one hour at room temperature the fixed cells were washed in 100
mM potassium phosphate (pH 7.2) and spheroplasted by lyticase treatment.
Primary and secondary antibody incubations were for one hour at room
temperature. For Lstlp-HA the 12CA5 antibody was used at a 1:5000 dilution
and FITC-coupled goat anti rabbit IgG was used at a 1:50 dilution. Rabbit anti-
BiP polyclonal serum was used at a 1:1000 dilution and rhodamine-coupled
goat anti-rabbit IgG was used at a 1:200 dilution. Mounting medium was
supplemented with DAPI. Samples were viewed and imaged using a Nikon
Optiphot 2 microscope and a Photometric ImagePoint CCD camera. Images
were recorded using IP-Lab software (Molecular Dynamics, Sunnyale,
California).
For localization of Pmal p in wild-type (CKY443) and IstlA cells, strains
were grown at 250C to exponential growth. Cultures were shifted to 370C for
three hours and cells were fixed and prepared as described above. Anti-
Pmalp antibody was used at a 1:100 dilution and FITC-coupled anti-rabbit IgG
was used at 1:200 dilution. Samples were viewed with a Zeiss axioscope
equipped for epifluorescence. Images were recorded with Kodak T-Max 400
film.
Cell Fractionation
The subcellular distribution of Lstl p was examined using techniques
described in detail previously (Espenshade et al., 1995). Briefly, 2x109 cells
were spheroplasted for 1 hour at 300C after which spheroplasts were allowed to
recover in YPD with 700 mM sorbitol for 1 hour at 300C. Cells were gently lysed
by glass beads in 500 gl of cell lysis buffer (20 mM MES [pH 6.5], 100 mM NaCI,
5 mM MgCI2) including protease inhibitor cocktail (1 mM PMSF, .5 Rg/ml
leupeptin, 0.7 gg/ml pepstatin, 2 gg/ml aprotinin). The cell extract was
sequentially centrifuged at 500g for 20 minutes, 10,000g for 20minutes, and
150,000g for 60minutes, to give one soluble and three particulate fractions.
Release of Lstl p from the particulate fraction was examined by treating
cell extracts with 500 mM NaCI, 100 mM sodium carbonate (pH 11.5), 2.5 M
urea, or 1% Triton X-100. After 1 hour of incubation at 40C, samples were
centrifuged at 50,000g for 30 minutes to separate soluble and particulate
fractions. Fractions from both experiments were solubilized in sample buffer
and analyzed by Western blotting.
Two-Hybrid Protein-Protein Interaction Assay
The yeast two hybrid assay was used to test potential protein-protein
interactions as previously described (Gyuris et al., 1993; Bartel and Fields,
1995). Interactions were tested between either Lstl p or Sec24p fused to the
lexA DNA-binding domain and Sec23p fused to an acidic transcriptional-
activation domain. The following plasmids were used: pPE81 is the full SEC23
open reading frame fused to the acidic activation domain of pJG4-5
(Espenshade et al., 1995). pRH286 is a fusion of SEC24 (amino acids 34-926)
to the lexA DNA-binding domain in pEG202 (Gimeno et al, 1996). pKR37 is a
full-length LST1 fusion to the lexA DNA-binding domain in pGilda (a GAL 1-
promoted derivative of pEG202 provided by D. Shaywitz, Massachusetts
Institute of Technology, Cambridge, MA).
Combinations of control and fusion-protein plasmids, along with the
reporter plasmid pSH18-34, were transformed into the strain EGY40 (Golemis
and Brent, 1992). Strains were grown exponentially in SC medium containing
2% raffinose as the sole carbon source. Galactose was added to a final
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concentration of 2% to induce the production of the acidic activator proteins and
the Lstl p-lexA fusion. After 10 hours cells were collected and lysed by
disruption with glass beads. O-galactosidase activity was assayed as
previously described (Rose and Botstein, 1983). Activity was normalized to total
protein determined by the Bradford assay (Bio-Rad Laboratories, Hercules, CA).
Affinity Isolation of Lstl p and Sec23p from Yeast Extracts
A Lstl p fusion to glutathione-S-transferase (pRH254) was constructed by
inserting the 3.0 kb BamHI-Xhol fragment of pKR17HA into pRD56 (a gift of R.
Deshaies, California Institute of Technology, Pasadena, California). This
insertion results in a GST-HA1-Lstlp (aa 14-927 of Lstlp) fusion, which is
expressed from the GAL1 promoter. pPE123 is the SEC23 gene expressed
from the GAL 1 promoter in pRS315 (Gimeno et al, 1996). Binding was tested
using extracts from CKY473 transformed with pRH254 and either pCD43 or
pPE123.
Cells were grown to exponential phase in 2% raffinose. Galactose was
added to a final concentration of 2% and cells were incubated for an additional
two hours at 300C. 5 x108 cells were spheroplasted as previously described
(Espenshade et al, 1995) and then gently lysed using glass beads in co-IP
buffer without salt (20 mM HEPES-KOH [pH 6.8], 80 mM KOAc, 5 mM MgOAc,
0.02% Triton X-100) and containing the protease inhibitor cocktail. The extract
was diluted to 1 ml with co-IP buffer without salt, and microsomal membranes
were collected by centrifugation at 500g for 20 minutes. The pellet was
resuspended in 1 ml of in co-IP buffer with 600 mM NaCI, and incubated on ice
for 10 minutes to extract membrane-bound protein complexes. The salt treated
membranes were pelleted by centrifugation at 90,000g for 10 minutes. The
supernatant was diluted three fold with co-IP buffer without salt, and a 1 ml
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aliquot was removed and incubated at room temperature for one hour with
glutathione sepharose 4B beads (Pharmacia, Piscataway, NJ). The beads
were washed twice with co-IP buffer (200 mM NaCI, 20 mM HEPES-KOH [pH
6.8], 80 mM KOAc, 5 mM MgOAc, 0.02% Triton X-100) and once in co-IP buffer
without Triton X-100. Proteins were released from glutathione Sepharose 4B
beads by solubilization in ESB. Total lysate samples were prepared by adding
2X ESB to an equal amount of the diluted supernatant from the salt washed
membranes. Samples were examined by Western blotting.
For analysis of the membrane association of GST-Lstl p and Sec23p,
cells expressing GST-Lstlp, or Sec23p, or both GST-Lstlp and Sec23p from
the GAL 1 promoter were grown as described above. Two hours after the
addition of galactose, 2 x 107 cells were collected by centrifugation and
resuspended in 20 g1I of cell lysis buffer with protease inhibitor cocktail.
Following lysis by rapid agitation with glass beads, an additional 500 pl of cell
lysis buffer were added. The lysate was cleared of cell wall debris and unlysed
cells by centrifugation at 300g for three minutes. 50 gCI of the supernatant was
reserved for a total extract sample and the remainder was centrifuged at
10,000g for 30 minutes to pellet ER membranes. An equal number of cell
equivalents of total, pellet, and supernatant samples were analyzed by Western
blotting. The cytosolic protein Gdh2p was found only in the soluble fractions,
demonstrating cell lysis was complete (data not shown).
Cell Fractionation on Sucrose Density Gradients
Cell organelles were fractionated on equilibrium density gradients as
previously described (Roberg et al, 1997; Chapter 3). Cultures were grown
exponentially at 240C and then shifted to 370C for three hours. 1.6 x 109 cells
were collected by centrifugation and resuspended in 0.5 ml STE10 (10% [w/w]
58
sucrose, 10 mM Tris-HCI (pH 7.6), 10 mM EDTA) with the protease inhibitor
cocktail. Glass beads were added to the meniscus and cells were disrupted by
rigorous vortexing for two minutes. 1 ml of fresh STE10 was added to the
lysate, which was then cleared of unbroken cells and cell debris by
centrifugation at 300g for two minutes. 300 l1 of cleared extracts were layered
on top of a 5 ml, 20-60% linear sucrose gradient made up in TE (10 mM Tris-
HCI [pH 7.6], 10 mM EDTA). After samples were centrifuged for 18 hours at
100,000g, 300 p.l fractions were collected from the top of the gradient. Protein
was precipitated from each fraction by the addition of 100 gCI of 0.15%
deoxycholate and 100 p.l of 72% trichloroacetic acid, and reprecipitated with
cold acetone. Pmalp, Gaslp and Sec61lp were resolved by SDS-PAGE and
were detected by Western blotting. The relative amount of each protein in cell
fractions was determined by densitometry using an Ultroscan 2202 (LKB
Instruments, Inc., Gaithersburg, MD). GDPase activity was assayed in gradient
fractions prior to protein precipitation using standard methods (Abeijon et al.,
1989).
RESULTS
Isolation of Mutations Synthetically Lethal with sec13-1
A type of genetic interaction commonly observed for sec gene mutations
is synthetic lethality. These interactions have the useful property that they
usually only occur between genes that act at the same stage of the secretory
pathway. For example, mutations in genes required for the COPII vesicle
budding step in ER to Golgi transport (sec12, sec13, sec16, and sec23) are
lethal at 24 0C only when combined with other COPII budding mutations (Kaiser
and Schekman, 1990). The specificity of synthetic-lethal interactions among the
budding mutations suggested an efficient way to identify mutations in new
COPII genes. To do this, we developed a screen for mutations that displayed
synthetic lethality with the COPII mutation secl3-1. In a strain with secl3-1 on
the chromosome and a wild-type copy of SEC13 on a plasmid, mutants that
were lethal with secl3-1 could be identified in a colony-sectoring assay
because they would depend on the SEC13-bearing plasmid for growth.
Specifically, the plasmid pKR4, which carries wild-type copies of the ADE3 and
SEC13 genes was introduced into an ade2 ade3 secl3-1 host to generate the
strain CKY423. This strain accumulates a red pigment because of the ade2
mutation, but after spontaneous loss of pKR4 during colony growth the resulting
ade2 ade3 segregants will form white sectors within a red colony (Koshland et
al., 1985). If, after mutagenesis, CKY423 has acquired a mutation that is lethal
with secl3-1, loss of the SEC 13 ADE3 plasmid will be lethal, white sectors will
not form, and a solid red colony will result (Figure 1).
CKY423 and CKY424 were mutagenized by UV irradiation and 139
nonsectoring red colonies were identified among 78,000 colonies screened.
We expected that some of these nonsectoring strains would fail to sector for
reasons other than a dependency on the wild-type SEC13 gene-such as gene
conversion of ade3 or acquisition of mutations that are synthetically lethal with
ade3 or leu2. To test for these possibilities a second plasmid, pKR1, carrying a
wild-type copy of SEC13 and lacking the ADE3 gene, was introduced into the
nonsectoring mutants. Transformation with this plasmid restored sectoring to
strains containing mutations which are lethal with secl3-1, but not to strains that
failed to sector for other reasons. By this test, 57 of the mutants had synthetic-
lethal mutations that were a consequence of secl3-1. These mutants were
examined further.
Nonsectoring mutants were crossed to the sec13-1 parental strains. In
all cases the nonsectoring phenotype was found to be recessive. By tetrad
analysis, the nonsectoring phenotype of 52 of the strains was shown to result
from one mutation in addition to secl3-1. The nonsectoring phenotype of the
remaining five strains was shown to result from two mutations in addition to
secl3-1. These strains were not studied further.
The mutations were organized into genes by complementation analysis.
In matings between mutants, 11 complementation groups were identified by
using colony-sectoring of the diploid as a criterion for allelic complementation.
The largest of these complementation groups was found to consist of secl3 null
alleles by crosses that showed the nonsectoring phenotype was completely
linked to the SEC13 locus (see Materials and Methods). The remaining
complementation groups that were not linked to SEC13 were designated LST
for lethal with sec-thirteen (Table 2).
In this screen, we expected to isolate mutations in sec12, sec16 or sec23,
genes shown previously to have synthetic-lethal interactions with secl3-1. To
test for the presence of mutations in these genes, we used a plasmid
complementation test. Representative strains from each LST complementation
group were transformed with plasmids carrying a wild-type copy of either
SEC12, SEC16 or SEC23. By this test, SEC16 was shown to complement IstlO
mutations. Complementation analysis, mitotic mapping, and sequencing of the
secl6 alleles from these strains confirmed that LST1O is SEC16 (data not
shown; Espenshade et al., 1995). None of the other LST genes corresponded
to SEC 12 or SEC23.
Additional synthetic interactions of the Ist mutations
To test for genetic interactions between Ist mutations and mutations in
genes required for ER-to-Golgi transport other than sec13, Ist single mutants
were crossed to sec16, sec23, and sec31 mutants. For mutations in most of the
LST genes, synthetic lethality was not detected with sec mutations other than
sec13. However, mutations in Istl were lethal when combined with secl6,
sec23 and sec31 mutations, and mutations in lst6 were lethal with secl6 and
sec31 (Table 3). Istl and Ist6 mutations, however, were not lethal when
combined with sec17 and sec18, two genes required for vesicle fusion. The
specificity of genetic interactions observed for Istl and Ist6 suggested that these
genes act in vesicle formation at the ER. Because of its interactions with
multiple COPII genes, the LST1 gene was chosen for further study.
Lstlp is a Sec24p homologue
The LST1 gene was cloned by complementing the lethality of a Istl
secl3-1 mutant. The Istl secl3-1 strain, CKY426, depends upon the wild-type
copy of SEC13 carried by the pKR4 plasmid and therefore forms only solid red,
nonsectoring colonies. CKY426 was transformed with genomic libraries
constructed in the pCT3 (Thompson et al., 1993) and the pXYES (Elledge et a.,
1991), and the resulting transformants were screened for sectored colonies.
Transformation with a plasmid carrying either SEC13 or LST1 would restore
sectoring as cells losing the pKR4 plasmid would be viable. Among 97,000
Ura + transformants, 34 colonies were identified which regained the ability to
sector.
Restriction analysis of plasmids from these sectored transformants
demonstrated that three distinct regions of genomic DNA were capable of
rescuing the Istl sec13 synthetic lethality. As expected, one of these regions
was found to carry the wild-type SEC13 gene. p22-31 and p77-2, plasmids
carrying inserts representative of the two remaining genomic regions, were
chosen for further study. To determine which of the plasmids carried the LST1
gene integrative genetic mapping was performed. The inserts of p22-31 and
p77-2 were cloned into the URA3, integrating plasmid pRS306, producing pKR7
and pKR20, respectively. For integration, pKR7 was linearized by digestion with
Mscl, and pKR20 was linearized by digestion with Hpal. Both fragments were
transformed into CUY564 (MATa ade2 ade3 leu2-3,112 ura3-52) and the
resulting strains were crossed to the Istl strain CKY426 (MATa Istl-1 secl3-1
ade2-101 ade3-24 leu2-3, 112 ura3-52 [pKR4]). After sporulation, tetrad
analysis revealed that the region carried by pKR20 was linked to the Istl locus
(all sectored colonies were Ura+, all nonsectored colonies were Ura-). pKR7
was found to carry an unlinked low-copy suppressor that will not be discussed
further in this report.
The 3.5-kb insert of p77-2 was cloned into the pRS316 vector to create
pKR17 which was then used to sequence the LST1 gene. A single open
reading frame encoding a protein of 929 amino acids was identified. Later, with
the release of the sequence of the Saccharomyces genome, the LST1
sequence was found to correspond to the open reading frame YHR098C
located on Chromosome VIII (Saccharomyces Genome Database, Cherry et al.,
1997). Comparison of the predicted amino acid sequence of Lstl p to the
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sequences of known Sec proteins showed that Lstl p is similar to Sec24p, a
subunit of the COPII vesicle coat (Barlowe et al, 1994). The LST1 protein
sequence is 23% identical to that of Sec24p and the region of homology
extends over most of the protein except at the extreme amino and carboxy
termini of the proteins (Figure 2), suggesting that Lstl p may have a function
similar to that of Sec24p.
Localization of Lstlp
The genetic interactions between LST1 and the SEC genes involved in
vesicle formation, coupled with the similarity of the Lstl p and Sec24p
sequences, suggested that Lstl p may function at the ER. To examine the
intracellular distribution of Lstl p an epitope tagged version of Lstl p was
constructed by inserting six copies of the ten amino acid HA1 epitope near the
N-terminus of the protein. The tagged LST1 was fully functional as
demonstrated by its ability to suppress Istl sec13-1 synthetic lethality (data not
shown). The cellular location of Lstl p-HA was first examined by indirect
immunofluorescence microscopy. In cells expressing Lstl p-HA, staining was
found primarily at the nuclear periphery (Figure 3). Perinuclear staining is
characteristic of ER proteins such as BiP. Double labeling experiments
revealed that in contrast to BiP, which gives an even perinuclear staining
pattern, Lstl p staining is concentrated in punctate regions of increased
intensity. In addition, punctate staining was observed throughout the cell body,
which may correspond to Lstlp at the ER near the cellular rim. These staining
patterns were specific for Lstl p-HA since staining was not seen in cells
expressing untagged Lstlp.
The intracellular distribution of Lstlp was further examined by subcellular
fractionation. Cells expressing Lstl p-HA were spheroplasted and then gently
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lysed. Cell lysates were subjected to sequential centrifugation steps to
generate 500g, 10,000g, and 150,000g pellets, as well as a 150,000g
supernatant fraction. As shown in Figure 4A, most of Lstl p was found in the
500g and 10,000g pellets. All of the soluble marker protein, the NAD+-
dependent glutamate dehydrogenase (Gdh2p; Miller and Magasanik, 1990),
was found in the 150,000g supernatant, indicating complete cell lysis. The
association of the Lstlp protein with the sedimentable fraction was analyzed by
chemical treatment of cell lysates before centrifugation at 50,000g. Incubation
of cell extracts in 1% Triton X-100, 2.5 M urea, 100 mM sodium carbonate (pH
11.5), or 500 mM NaCI, resulted in the release of a portion of the Lstl p-HA into
the soluble fraction (Figure 4B). The dissociation of Lstl p from the
sedimentable fraction suggests that Lstl p is a peripheral membrane protein.
Lstlp binds Sec23p
Sec24p was originally identified as a protein that formed a 400-kD
complex with Sec23p (Hicke et al, 1992). The similarity of the Lstlp and
Sec24p sequences prompted us to examine if Lstl p could also form complexes
with Sec23p. Binding of Lstl p and Sec23p was first examined using the yeast
two-hybrid assay. Lstl p was fused to the lexA DNA-binding domain (pKR37),
and Sec23p was fused to an acidic activation domain (pPE81). Interaction
between the two fusion proteins was tested by assaying activation of a lacZ
reporter gene. Induction of 3-galactosidase was observed when the Lstl p and
Sec23p fusion proteins were co-expressed, but not when either was expressed
alone (Table 4). The level of induction caused by combining Lstl p and Sec23p
fusion proteins, was similar to that seen when Sec24p and Sec23p fusion
proteins were combined. These results indicated that Lstl p can bind to
Sec23p.
To confirm this interaction, Lstl p binding to Sec23p was examined in
yeast cell extracts. The coding sequence of Lstl p (aa 14-927) was fused to
GST and expressed in yeast from the GAL 1 promoter. Sec23p was also
expressed from the GAL 1 promoter. Extracts were prepared from strains
overexpressing Sec23p and either GST or GST-Lstl p. To release membrane
bound protein complexes, extracts were treated with 600 mM salt. Membranes
were removed by centrifugation, and the salt concentration of the extract was
diluted to 200 mM. GST-Lstlp and GST were isolated, along with associated
proteins, by binding to glutathione sepharose beads and the presence of
Sec23p was tested by Western blot. Sec23p was found to associate with Lstl p,
but not with GST, confirming that Lstl p forms a complex with Sec23 (Figure 5A).
Sec23p and Sec24p are believed to assemble onto the ER membrane
as a complex (Schekman and Orci, 1996). While optimizing the protocol for
Sec23p-Lstl p binding, we uncovered evidence suggesting that the same is true
of the Lstl p-Sec23p complex. When cell lysates from a strain overexpressing
Sec23p and GST were centrifuged at 10,000g, less than 10% of the Sec23p
was found in the particulate fraction (Figure 5B). Similarly, when GST-Lstl p
was overexpressed alone, less than 20% of the Lstl p was in the particulate
fraction. As the ER membrane protein Sec61 p was found almost exclusively in
the particulate fraction in these experiments (data not shown), it is clear that
when Sec23p and Lstl p were overexpressed separately the great majority of
either protein failed to associate with the ER. However, when both GST-Lstl p
and Sec23p were overexpressed in the same cells, greater than 60% of the
Sec23p, and 70% of the Lstlp associated with the particulate fraction (Figure
5B). The association of Lstl p and Sec23p with the particulate fraction did not
result from protein aggregation, but rather from membrane association. When
the particulate fraction was resuspended in a 60% sucrose solution and applied
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to the bottom of a sucrose density gradient, greater than 90% of the Lstl p and
Sec23p floated and cofractionated with the ER resident membrane protein,
Sec61 p, at 45% sucrose (data not shown). These data not only indicate that
Lstl p forms a complex with Sec23p, but suggest that Lstl p-Sec23p complex
formation leads to membrane association.
Deletion of LST1 is lethal in combination with mutations in COPII-
vesicle formation genes
Analysis of LST1 function was initiated by replacing one copy of the
LST1 gene with the LEU2 gene in the wild-type diploid strain CKY348. The
resulting IstlA::LEU2 heterozygous strain was sporulated and dissected. When
incubated on rich medium at 240C virtually all spores were viable and the LEU2
marker segregated 2:2, indicating that LST1 is nonessential for growth under
these conditions. A IstlA::LEU2 mutant spore clone was isolated and used in
crosses to various sec mutants. In these crosses it was possible to follow both
the temperature sensitivity of the sec mutant and the Leu+ marked IstlA allele,
and thereby confirm and extend our earlier examination of genetic interactions
between Istl and the sec genes involved in COPII vesicle formation. In crosses
between IstlA and sec12, sec13, sec16, sec23, sec24 and sec31 mutants,
inviability segregated 1:3 for most tetrads, indicative of a two gene trait.
Analysis of the surviving spores revealed the inviable spores were all the Istl
sec double mutants. Crosses between IstlA and secl7and secl8 produced
viable double mutants. Thus, IstlA shows synthetic-lethal interactions with all
the genes required for COPII vesicle formation, but not with genes required for
vesicle fusion.
Deletion of LST1 causes sensitivity to low pH
The growth of a IstlA single mutant was analyzed at various
temperatures on rich and synthetic complete media. At all temperatures
examined,14 0 to 370C, the IstlA strain grew as well as wild-type on rich media.
On synthetic complete medium, however, the IstlA strain displayed a slow-
growth phenotype at temperatures of 300C and above. Rich medium is
composed of Yeast Extract and Bacto Peptone, which have been standardized
to give a near neutral pH in solution (Difco Laboratories, 1984). In contrast,
synthetic complete medium is composed of Yeast Nitrogen Base and the pH is
determined by the amino acids added to complete the medium. Because of
these differences in composition, rich medium has a pH of 6.5, whereas
synthetic complete medium has a pH of 3.8. We therefore considered the
possibility that Istl4 mutants may be sensitive to low pH. When wild-type and a
IstA mutant were grown on rich medium acidified to pH 3.8 with HCI, the IstlA
strain again grew poorly compared to wild-type (Figure 6A). In contrast, on
synthetic complete medium that had been buffered to a pH of 6.5, the IstlA
strain grew as well as wild-type even at 370C (data not shown). These results
demonstrate that growth of the IstlA mutant is sensitive to low pH in a
temperature dependent manner.
We examined IstlA cells that had been grown in acidic medium
overnight at 370C by light microscopy. We found that many of the IstA cells had
a strikingly abnormal morphology: on both unbuffered synthetic complete
medium and rich medium at pH 3.8, a large proportion of the cells had multiple
buds (Figure 6B). In the most severe examples, fifteen or more daughter cells
radiated from a single large mother cell. The daughters contained nuclei and
could be separated from their mothers by micromanipulation (data not shown),
indicating they had completed cytokinesis. In addition, we rarely observed
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attached daughters that had themselves budded. The morphology of IstlA cells
grown on rich medium or buffered synthetic complete medium at 370C was
similar to wild-type, with few cells having more than one attached daughter.
LST1 is required for the transport of the plasma membrane proton-
ATPase from the ER to the Golgi
The sensitivity to low pH, and the multi-budded phenotype of IstlA
mutants indicated a possible connection to Pmalp, the plasma membrane
proton-ATPase. Pmal p is an essential protein that pumps hydrogen ions out of
the cell to regulate intracellular pH, and to form a proton gradient that provides
the driving force for various proton symporters used in the uptake of nutrients
(Serrano, 1991). In experiments studying cells depleted of Pmalp--by
expressing Pmalp exclusively from an inducible promoter and then repressing
expression-Pmalp depleted cells were found to form multi-budded rosettes
resembling those of IstlA mutants (Cid et al., 1987). The attached daughters
failed to bud, possessed nuclei, and had completed cytokinesis. The cause of
the multi-budded phenotype is unknown, but it is fairly specific to cells depleted
for Pmalp. The similarity between the phenotypes of the IstlA strains, and
strains depleted of wild-type Pmal p, suggested to us that delivery of Pmal p to
the cell surface may specifically require wild-type LST1.
To determine if the phenotypes of IstlA mutants resulted from a defect in
the transport of Pmal p, we compared the location of Pmal p in wild-type and
Istl1 mutant cells by indirect immunofluorescence microscopy. Cells were
grown overnight at 240C, and either shifted to 370C or left to grow at 240C for
three hours. To avoid possible secondary effects due to the pH sensitivity of
Istl1 mutants, cells were grown in rich medium of pH 6.5. In wild-type cells
incubated at 240 and 370C, Pmal p staining was diffuse over the cell surface
with no detectable staining of internal organelles (Figure 7). The same was true
for IstlA cells incubated at 240C (data not shown). However, in Istl4 cells
incubated at 370C, Pmalp staining was primarily at the nuclear periphery and
at the cellular rim, consistent with an ER localization.
To better examine the subcellular distribution of Pmal p in IstlA cells,
lysates from cells grown at 37 0C for three hours were fractionated on sucrose
density gradients. Using this method, the ER and plasma membrane were well
resolved because of their different buoyant densities. Pmalp from wild-type
cells was found predominately in the denser fractions of the gradient, in a peak
that was coincident with that of the plasma membrane marker protein, Gas1 p
(Figure 8). In contrast, less than 35% of the total Pmal p from Istl4 cells
coincided with the Gaslp protein, and the remainder was found in fractions
containing the ER. The ER from IstlA mutants fractionated in two peaks, with
the denser peak coincident with the majority of the total Pmalp. This was not
the result of an aberrant gradient as the Golgi was detected in a single peak in
both wild-type and IstlA gradients. Rather, it appears that the accumulation of
Pmal p leads to areas of the ER that are denser than others, which can be
distinguished on sucrose density gradients.
Since a Istl4 mutant grows at the same rate as wild-type at 370C in pH
6.5 medium (doubling time of 1.75 hours in rich medium), deletion of LST1 must
not interfere with the normal rate of secretion-coupled cell surface growth. That
the general transport of proteins through the secretory pathway does not require
LST1 is further indicated by the proper localization of Gaslp in Istl4 mutants
(Figure 8). Based on these results, we conclude that the transport defect in
IstlA cells must be fairly specific to Pmal p.
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DISCUSSION
The physical interactions between the COPII proteins are underscored by
genetic interactions specific to the genes required for COPII vesicle formation.
To identify new genes involved in vesicle formation at the ER, we screened for
mutations that are lethal in combination with mutations in SEC13, a COPII gene.
Of the nine LST genes identified, seven were lethal only with sec13 and not
with mutations in other COPII genes. We have found that these genes are
related to a novel function of SEC13 in the regulated transport of specific
permeases from the Golgi to the cell surface, a process that does not appear to
involve other COPII genes (Roberg et al, 1997; Chapters 3 and 4). The
remaining two genes, Istl and Ist6 were found to be lethal in combination with
mutations in several COPII genes, and were therefore presumed to act in
vesicle formation at the ER.
In this study we have focused on LST1. Consistent with the genetic
interactions between LST1 and the COPII genes, we have found that Lstl p is a
peripheral membrane protein localized to the ER which resembles the COPII
component Sec24p. In addition, we have shown that, like Sec24p, Lstl p can
form a complex in vivo with Sec23p, as demonstrated both by the two-hybrid
assay and co-precipitation of Sec23p by GST-Lstlp. Finally, we have found
that assembly of the Sec23p-Lstl p complex appears to enhance the membrane
association of both Lstl p and Sec23p: overexpressing either protein alone
leads to an accumulation of it in the soluble fraction, whereas overexpressing
both proteins together leads to the association of the majority of each protein
with membranes.
Our genetic and localization data, along with the fact that Lstl p binds
Sec23p, indicated a role for Lstl p in vesicle formation at the ER. It was
therefore surprising to find that deletion of LST1 caused no defect in the general
transport of proteins out of the ER. The poor growth of IstlA mutants on acidic
medium led us to find that one protein that requires Lstl p for its efficient export
from the ER is the plasma membrane proton-ATPase (Pmalp). This transport
defect appears to be fairly specific to Pmal p as neither the transport of the
vacuolar protease, CPY, nor that of the plasma membrane protein, Gas1 p, are
affected by deletion of LSTI.
Based on the similarities between Lstl p and Sec24p, we propose that
Lstl p is part of a modified COPII coat in which the Sec23p-Sec24p complex is
replaced by a Sec23p-Lstl p complex, and that this novel coat acts in the
recruitment of Pmal p into vesicles. Our model for how Lstl p may function is
based on a recent proposal by Scheckman and Orci (1996) that attempts to
explain how protein cargo is sorted into COPII vesicles. In their model, Sec23p
recognizes cargo molecules and Sec23p-Sec24-cargo complexes are
clustered by interaction with the Secl3-Sec31 complex. This assembly then
deforms the membrane, eventually creating a transport vesicle. In our
modification of this model the Sec23p-Lstlp complex would recognize Pmalp
and sort it into vesicles with a modified COPII coat. As no data has yet been
presented demonstrating a connection between the Sec23p-Sec24p complex
and cargo molecules, our data provide the first evidence that Sec24p like
molecules are involved in cargo sorting at the ER.
Our model raises interesting questions as to the composition of ER-
derived vesicle coats. If Lstl p does play a role similar to that of Sec24p in
vesicle formation, it is possible that Sec23p-Lstlp complexes act to form a class
of vesicle that is distinct from those formed by Sec23p-Sec24p complexes.
Alternatively, it is possible that the two complexes are clustered together by
Secl3p-Sec3lp, resulting in the formation of one vesicle class with a mixed
coat. The identification of additional homologues of Sec23p and Sec24p
suggests that ER-derived vesicle coats may be even more complicated. We
have identified a third Sec24p family member, Isslp, as a protein that binds to
Secl 6p. Isslp also binds Sec23p and appears to be associated with the ER
membrane (Gimeno, 1996). We have also identified an ORF (YNL049C) in the
Saccharomyces genome that is 21% identical to Sec23p (Saccharomyces
Genome Database, Cherry et al., 1997). Thus, there are six potential
combinations of Sec23p and Sec24p like proteins. The original COPII coat was
characterized using purified proteins and an in vitro vesicle assay. A similar
approach will be required to determine whether the different "Sec23p/Sec24p"
complexes form homogeneous or mixed coats.
Export of Pmalp from the ER is not completely dependent on Lstlp, as
demonstrated by the lack of a defect in Pmal p transport in IstlAmutants at
240C. Furthermore, since Pmalp is essential for growth under all conditions,
and yet IstlA mutants are able to grow as well as wild-type at high temperatures
on media with a neutral pH, some Pmal p must be transported to the cell
surface even at high-temperatures. We propose that in wild-type cells Lstlp
alone acts in the transport of Pmal p, but that in a IstlA mutant, normal levels of
Sec24p can compensate for the loss of Lstl p at 240. At higher temperatures,
however, normal levels of Sec24p can no longer completely compensate for the
loss of Lstlp, which causes the temperature sensitivity of IstlA mutants.
Supporting this model, we have found that SEC24 supplied on a low-copy
plasmid can suppress the sensitivity of IstlA mutants to low-pH at high
temperatures, and can also suppress the IstlA secl3-1 synthetic lethality at
241C (data not shown).
Proteins essential for growth appear to be properly exported from the ER
as growth on neutral-pH medium is unaffected by deletion of the LSTI gene.
Most cargo proteins destined for the plasma membrane, however, are
dispensable. For example, there are redundant permeases for the uptake of
essential nutrients such as potassium and glucose (Ko et al, 1993; Ko and
Gaber, 1991). Furthermore, under most conditions the numerous amino acid
permeases of yeast are not required for wild-type growth because the yeast cell
can synthesize all 20 amino acids (Jones and Fink, 1982; Andr6 et al, 1995). In
fact, Pmal p is the only plasma membrane protein that has been identified to
date that is absolutely essential for growth. Therefore, it is possible that the
transport of several proteins is defective in IstlA mutants. The identification of
such proteins will be the focus of future investigation.
ACKNOWLEDGMENTS
We thank the members of the Kaiser lab for their technical assistance, advice,
and encouragement. We thank A. Chang, M. Rose, B. Magasanik, R.
Schekman, and H. Riezman for their generous gifts of antibodies. We also
thank R. Schekman for providing us with the sequence of Sec24p prior to
publication. This work was supported by a grant from the National Institute of
General Medical Sciences and the Searle Scholars Program (to C.A. Kaiser), a
National Institutes of Health predoctoral traineeship (to K.J. Roberg), a National
Science Foundation predoctoral fellowship (to P. Espenshade), and a Merck
predoctoral fellowship (to R.E. Gimeno). C.A. Kaiser is a Lucille P. Markey
Scholar, and this work was funded in part by the Lucille P. Markey Charitable
Trust.
75
REFERENCES
Abeijon, C., Orlean, P., Robbins, P.W., and Hirschberg, C.B. (1989). Topography
of glycosylation in yeast: Characterization of GDP mannose transport and
lumenal guanosine diphospatase activities in Golgi-like vesicles. Proc. Nat.
Acad. Sci. USA. 86, 6935-6939.
Barlowe, C., and Schekman, R. (1993). SEC12 encodes a guanine-nucleotide-
exchange factor essential for transport vesicle budding from the ER. Nature 365,
347-349.
Barlowe, C., Orci, L., Yeung, T., Hosobuchi, M., Hamamoto, S., Salama, N.,
Rexach, M.F., Ravazzola, M., Amherdt, M., and Schekman, R. (1994). COPII: a
membrane coat formed by Sec proteins that drive vesicle budding from the
endoplasmic reticulum. Cell 77, 895-907.
Bartel, P.L., and Fields, S. (1995). Analyzing protein-protein interactions using
two-hybrid system. Methods Enzymol. 254, 241-263.
Campbell, J.L., and Schekman, R. (1997). Selective packaging of cargo
molecules into the endoplasmic reticulum-derived COPII vesicles. Proc. Natl.
Acad. Sci. USA 94, 837-842.
Cherry, J.M., Adler, C., Ball, C., Dwight, S., Chervitz, S., Jia, Y., Juvik, G., Weng,
S., and Botstein, D. (1997). "Saccharomyces Genome Database"(http://genome-www.stanford.edu/Saccharomyces/).
Cid, A., Perona, R., Serrano, R. (1987). Replacement of the promoter of the
yeast plasma membrane ATPase gene by a galactose-dependent promoter and
its physiological consequences. Curr. Genet. 12, 105-110.
Difco Laboratories (1984). Difco Manual, Dehydrated Culture Media and
Reagents for Microbiology. Detroit, Michigan: Difco Laboratories.
Elledge, S.J., Mulligan, J.T., Ramer, S.W., Spottswood, M., and Davis, R. W.(1991). Lambda YES: a multifunctional cDNA expression vector for the isolation
of genes by complementation of yeast and Escherichia coli mutations. Proc.
Natl. Acad. Sci. USA 88, 1731-1735.
Espenshade, P., Gimeno, R.E., Holzmacher, E., Teung, P., and Kaiser, C.A.(1995). Yeast SEC16 gene encodes a multidomain vesicle coat protein that
interacts with Sec23p. J. Cell Biol. 131, 311-324.
Gimeno, R.E. (1996). Proteins that Interact with Secl6p During COPII Vesicle
Formation in Saccharomyces cerevisiae. Ph.D. Thesis. Cambridge, MA:
Massachusetts Institute of Technology.
76
Gimeno, R.E., Espenshade, P., and Kaiser, C.A. (1996). COPII coat subunit
interactions: Sec24p and Sec23p bind to adjacent regions of Secl 6p. Mol. Cell
Biol. 7, 1815-1823.
Golemis, E.A., and Brent, R. (1992). Fused protein domains inhibit DNA binding
by LexA. Mol. Cell Biol. 12, 3006-3014.
Gyuris, J., Golemis, E., Chertkov, H., Brent, R. (1993). Cdil, a human G1 and S
phase protein phosphatase that associates with Cdk2. Cell 75, 791-803.
Harlow, E., and Lane, D. (1988). Antibodies: A Laboratory Manual. Cold Spring
Harbor, New York: Cold Spring Harbor Laboratory Press.
Henikoff, S. (1984). Unidirectional digestion with exonuclease III creates
targeted breakpoints for DNA sequencing. Gene 28, 351-359.
Herskowitz, I., and Jensen, R.E. (1991). Putting the HO gene to work: Practical
uses for mating-type switiching. Meth. Enzymol. 155, 132-146.
Hicke, L., Yoshihisa, T., and Schekman, R. (1992). Sec23p and a novel 105-
kDa protein function as a multimeric complex to promote vesicle budding and
protein transport from the endoplasmic reticulum. Mol. Biol. Cell 3, 667-676.
Jones, J.S., and Prakash, L. (1990). Yeast Saccharomyces cerevisiae
selectable markers in pUC18 polylinkers. Yeast 6, 363-366.
Kaiser, C.A., and Schekman, R. (1990). Distinct sets of SEC genes govern
transport vesicle formation and fusion early in the secretory pathway. Cell 61,
723-733.
Kaiser, C.A., Michaelis, S., and Mitchell, A. (1994). Methods in Yeast Genetics,
Cold Spring Harbor, N.Y: Cold Spring Harbor Laboratory Press.
Ko, C.H., and Gaber, R.F. (1991). TRK1 and TRK2 encode structurally related
K+ transporters in Saccharomyces cerevisiae. Mol. Cell Biol. 11, 4266-4273.
Ko, C.H., Liang, H., and Gaber, R.F. (1993). Roles of multiple glucose
transporters in Saccharomyces cerevisiae. Mol. Cell Biol. 13, 638-648.
Koshland, D., Kent, J.C., and Hartwell, L.H. (1985). Genetic analysis of the
mitotic transmission of minichromosomes. Cell 40, 393-403.
Lawrence, C.W. (1991). Classical mutagenesis techniques. Meth. Enzymol.
155, 132-146.
Laemmli, U.K. (1970). Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature 227, 680-685.
77
Miller, S., and Magasanik, B. (1990). Role of NAD-linked glutamate
dehydrogenase in nitrogen metabolism in Saccharomyces cerevisiae. J.
Bacteriol. 172, 4927-4935.
Palade, G. (1975). Intracellular aspects of the process of protein secretion.
Science 189, 347-358.
Pringle, J.R., Adams, A.E.M., Drubin, D.G. and Haarer, B.K. (1991). Immuno-
fluorescence methods for yeast. Methods Enzymol. 194, 565-602.
Pryer, N.K., Salama, N.R., Schekman, R., and Kaiser, C.A. (1993). Cytosolic
Secl3p complex is required for vesicle formation from the endoplasmic
reticulum in vitro. J. Cell Biol. 120, 865-875.
Roberg, K.J., Rowley, N., and Kaiser, C.A. (1997). Physiological regulation of
membrane protein sorting in the Golgi of S. cerevisiae. J. Cell Biol. in press.
Rose, M. and Botstein, D. (1983). Construction and use of gene fusions lacZ (3-
galactosidase) which are expressed in yeast. Methods Enzymol. 101, 167-180.
Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989). Molecular Cloning: A
Laboratory Manual. Cold Spring Harbor, New York: Cold Spring Harbor
Laboratory Press.
Schekman, R., and Orci, L. (1996). Coat proteins and vesicle budding. Science
271, 1526-1533.
Serrano, R (1991). Transport across yeast vacuolar and plasma membranes. In:
The Molecular and Cellular Biology of the Yeast Saccharomyces: Genome
Dynamics, Protein Synthesis, and Energetics, ed. J.R. Broach, E.W. Jones, and
J.R. Pringle. (Cold Spring Harbor, New York: Cold Spring Harbor Laboratory
Press, 523-585.
Sikorski, R.S., and Hieter, P. (1989). A system of shuffle vectors and yeast host
strains designed for efficient manipulation of DNA in Saccharomyces
cerevisiae. Genetics 122, 19-27.
Thompson, C.M., Koleske, A.J., Chao, D.M., and Young, R. (1993). A
multisubunit complex associated with the RNA polymerase II CTD and TATA-
binding protein in yeast. Cell 73, 1361-1375.
Tyers, M., Tokiwa, G., and Futcher, B. (1993). Comparison of the
Saccharomyces cerevisiae G1 cyclins: Cln3 may be an upstream activator of
Clnl, CIn2, and other cyclins. EMBO J. 12, 1955-1968.
78
Table 1. Saccharomyces cerevisiae Strains
Strain Genotype Source or Reference
MA Ta ade2 ade3 leu2-3,112 ura3-52
MA Ta ade2 ade3 leu2-3,112 ura3-52
MA Ta ura3-52 leu2 his3 trp 1
MATa secl3-1 his4-619 ura3-52
MATa sec16-2 his4-619 ura3-52
MA Ta secl7-1 his4-619 ura3-52
MA Ta sec18-1 his4-619 ura3-52
MATa sec23-1 his4-619 ura3-52
MA Ta/a leu2-3/leu2-3 ura3-52/ura3-52
MA Ta secl3-1 ade2-101 ade3-24 leu2-3, 112 ura3-52 [pKR4]
MATa sec13-1 ade2-101 ade3-24 leu2-3,112 ura3-52 [pKR4]
MATa Ist1-lsec13-1 ade2-101 ade3-24 leu2-3,112 ura3-52 [pKR4]
MATa Istl-1 secl3-1::SEC13, URA3 ade2-101 ade3-24 leu2-3,112 ura3-52
MATa Ist2-1 sec13-1::SEC13, URA3 ade2-101 ade3-24 leu2-3,112 ura3-52
MATa Ist3-1 secl3-1::SEC13, URA3 ade2-101 ade3-24 leu2-3, 112 ura3-52
MATa Ist4-1 secl3-1::SEC13, URA3 ade2-101 ade3-24 leu2-3,112 ura3-52
MATa Ist5-1 secl3-1::SEC13, URA3 ade2-101 ade3-24 leu2-3,112 ura3-52
MATa Ist6-1 secl3-1::SEC13, URA3 ade2-101 ade3-24 leu2-3,112 ura3-52
MATa Ist7-1 secl3-1::SEC13, URA3 ade2-101 ade3-24 leu2-3,112 ura3-52
MATa Ist8-1 sec13-1::SEC13, URA3 ade2-101 ade3-24 leu2-3,112 ura3-52
MATa prototroph
MATa leu2-3,112 ura3-52 Gal+
MATa IstlA::LEU2 leu2-3,112 [pKR17HA]
MATa IstlA::LEU2
T. Huffaker (Cornell University)
T. Huffaker (Cornell University)
Golemis and Brent, 1992
Kaiser Lab Collection
Kaiser Lab Collection
Kaiser Lab Collection
Kaiser Lab Collection
Kaiser Lab Collection
Kaiser Lab Collection
Kaiser Lab Collection
Kaiser Lab Collection
All strains are from this study where not otherwise indicated.
CUY563
CUY564
EGY40
CKY45
CKY50
CKY54
CKY58
CKY78
CKY348
CKY423
CKY424
CKY426
CKY435
CKY436
CKY437
CKY438
CKY439
CKY440
CKY441
CKY442
CKY443
CKY473
CKY535
CKY536
Table 2. Mutations lethal with sec13-1
Gene Number of alleles
Istl 11
Ist2 6
Ist3 4
Ist4 5
Ist5 5
Ist6 1
Ist7 1
Ist8 1
Ist9 1
IstlO (secl6) 2
Table 3. Growth of Ist sec double mutants at 240C.
sec13-1 sec16-2 sec23-1 sec31-1 secl7-1 secl8-1
Ist2-1
Ist3-1
Ist4- 1
Ist5-1
Ist6-1
Ist7- 1
Ist8-1
+/-
+
+1- -
+
+
Growth is represented in decreasing order by: + > +/- > +/-- > -.
Table 4. Lstl p interacts with Sec23p by the Two-Hybrid Assay
13-galactosidase activity
LST1 SEC24 no fusion
SEC23 395 + 7.7 629 ± 1.0 24.4 ± 0.1
no fusion 30.4 ± 4.0 25.3 ± 1.4 44.8 ± 5.3
Expression of fusion proteins was induced by growth in galactose for 10 hours. Each
interaction was evaluated by 1-galactosidase assay. Units of 8-galactosidase activity
are nmoVmg x min). Activities shown are the mean from five independent
transformants.
Figure 1. Colony-sectoring screen for mutations lethal with secl3-1. When
grown at 240C on YPD, CKY423 (ade2 ade3 leu2 ura3 sec13-1 [pKR4: SEC13,
ADE3]) can lose the plasmid pKR4 to give ade2 ade3 segregants that form
white sectors within a red colony. Mutants that have acquired a Ist mutation can
not grow without the SEC13, ADE3 plasmid and form nonsectoring, solid red
colonies.
Rich Medium
24°C
5 days
78,000
139
Colonies Screened
Non-sectoring Colonies
SEC13 Dependent57
Figure 2. Sequence comparison of Lstl p and Sec24p. Identities are
indicated by solid lines and similarities are indicated by dotted lines. Amino
acid positions are indicated by the numbers to the right. The overall amino acid
identity is 23%.
9Z6 xSIHunIvIaq•xASa-NNrIxxiaAIqssvmiriLvAaSvHMAasrqsvDaAIA
I: III :I I: I: I:
LZ6 AdXOHINSHWLSAXIadQXOqXSOIXHIIAq/NUSIHIn(Ias•Dqirs ---- ANSAAOUANdHrl --- AKid
1L8 rS)A1IAUUHNMrI(NIINHAH)NdaSNSAAdIiaOf)ldIa~I --- -LDIaAcatviAvaDDNmAiaMDNarix
II: I: : I:: I : : I: : ::::::I :I
LS8 ISSXNAAOOMNX- --- IANSVNONI-S1DLadIrLDSarISIOSAaIAS'rIaOTIwaNaNaMrIAILaDOarI7
66L rIDAHdaSSLLVNIdCIOC•rAI&DLEL-a----DC3aLACIDVVI•-HrSAACfAINrIqA3rsaMNqISEHa--S
I I :I : : ::: : I :I: : I: ::II:: I II: : I ::ýOtfL ;t3tNril NSHSVHASq ISSSNIdrqXIVCAd~I(.L lrI~dAN drI)IrOV:ISI)6~r(IaNB
6ZZL dAI DS~aVIHX~I LSH~??d dtrINV3?q.?dV3)D1;LLSSA BaXXAIL~?IaldASXNIrItIdIaaSSNwxaAVX~I~kS
S I :: I I: ::: I I : ::I : 1 : : : : :: 1.
TTL SOVNd)I~:?SX~a~rDIddLXIS(IdqIrI(3,L--SSNSr-)AOria airdidIar.Lixi
: I: ::I ::::: : :I I:: I :: : I:I:I : : I: I :: : II :: :
6E9 IUgA•NONId•aIaHINNSAVDSJNISHAWIdA•QICLAr•IV•HAaLDLLIXSIA~qrIrTAaq&& qAdII•QH
085 SSHNaAHDAAUSW:1DWLSDHVUNA1SWd~aUSIHXVaSLSAXAIINaNXDSAfdXAHIODVLaHSrINSrISYACU
:: ~ ~ 11 : : I I ::::::: I:: ::::: I: :: I II:: I:I:: ::::I: I:
V9 S QLNQSSQAAOSAsI•MISD IHAfIqOADAINSNAsNUM/VSI1AVQS• -Aio HdAAfq IDSJMAdHDAIVNUId
II::I I I : ::: : :I:II ::II:: 11111 II:
T6V' DVNLLAIrI(IrSIASP?6dSS11XX~a3N a1 ------- XHIVa~~NN~dSqDIDO~da
g£' --AxVSqVDqIVaNLI ---qNsOIOdIxiqqiaINOHDqSAASNdqdqI IOIS NSII I : : :::: III :I : :I ::I III::I::: I: I:
E P VrXWqrI•v.O~sDAZ)AOdAHSAXCLSIDSDIXIqlNIIX(SNDdX[rIDNAddraAaqISA ------- IAOVNCq
Z9E (IdIIdaHIVNUADrlSIIHaH3?lS(IrNOrLNILL rDsXISSOSAaIqaDAldado --- LAafw
I ::I::: II :I::: : : I :: : : ::: I::: 1111111 II:: :I :I:
SSE aclNddrI >INaau IIxIa:iv ddiA SI7,IDSoADaIkvrqssDNSLrfrIsAaIrdAAHrdr•OIVNLIS•Ar
06Z A AvDxiaNH-UAHSXdaNdaScIIw:-odA(NvriDaNDaMaDoOIa LAadNSNuDuuoAIrr IaaNrI- -d
:I:: : I: II : : II: :II:II :: I 11 1:111111: II II I
08E AULADHqqHSXaNqUSHODNdDdVaHSDdAOkXADIND-IASSALAXdNVAVHD DdLLDIdIqdI&d
6TZ dCICC-AqHOAddIAqfddqXsX~qqssNdAVNrSHIA(IdSVNSrESdA94ddIArqddddrILSLLIcldI: I ::I: :: : I: :: : :: I III : I
90Z AaV(INdlqlSSddOIqDqaqXLVLqHaSIdIN7NSqSqHdaDSDOCLADAa•&---add --- AS(D•dSH
SVT t1qq1TIdgAiNrIdNtoNwDVSIoDAVdVvkdcoooorIdLDNo-AodowxVNC-IN(IA---dANWIHWNHNSiVO
I: :I:: : ::II 11:1 ::I I:: : : : I I : I:: : I II
LE £1OrIAO--- 0aSaHO bdAIHSdO ---dvNJcdqNSODAxSSV•-dsDaHsOSAiAdLSWASDSONMaDDAX1avO
VL aIO-OHrI)OSOl~jrqaOOOOHScIAVDOclclDkODASNDVVdaIOgddaO~dOOqdlVNODAOqOVOd7AAHX'HHSN
I: II:::I::ll:I I II
89 dbOADUO0NridLL~dSNLdD.......SSnAHHdHUSSSUDIHAISScFsrIsASVfrIINOOSN
Figure 3. Immunolocalization of Lstlp-HA. CKY535 (MATa IstlA::LEU2 leu2-
3,112 [pKR17HA]), expressing Lstl p-HA from a centromeric plasmid, was fixed
and labeled with both anti-HA and anti-Kar2p antibodies. Anti-HA and anti-
Kar2p antibodies were visualized with FITC and rhodamine-coupled secondary
antibodies, respectively. Nuclear DNA was visualized by DAPI staining. Cells
bodies were visualized by differential interference contrast microscopy (DIC).
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Figure 4. The intracellular distribution of Lstlp. (A) A cell lysate of a strain
expressing Lstl p-HA from a centromeric plasmid (CKY535) was subjected to
sequential centrifugation resulting in 500g, 10,000g and 150,000g pellets (P)
and a 150,000g supernatant (S). An equal number of cell equivalents was
loaded for each sample. (B) Cell lysates were treated for one hour at 40C with
either 2.5 M urea, 500 mM NaCI, 100 mM sodium carbonate (pH 11.5), or 1%
Triton X-100. Pellet (P) and supernatant (S) fractions were then separated by
centrifugation at 50,000g. Lstlp was analyzed by SDS-PAGE and Western
blotting using the anti-HA antibody.
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Figure 5. Lstl p-Sec23p complex is membrane associated. (A) Affinity
isolation of Lstl p-Sec23p complexes. GST fused to Lstl p-HA, or GST alone,
was coexpressed with Sec23p. GST-Lstl p was purified along with associated
Sec23p by affinity to glutathione-sepharose beads. Proteins bound to
glutathione beads were loaded in lanes 2 and 4. One-sixth of the total lysate
was loaded in lanes 1 and 3. (B) Membrane association of GST-Lstl p and
Sec23p. GST-LST1, or SEC23, or both were expressed from the GAL 1
promoter. Cell lysates were cleared of cell debris by centrifugation at 300g for 2
minutes. Pellet (P) and supernatant (S) fractions from cleared cell lysates were
separated by centrifugation at 10,000g for 30 minutes. An aliquot of the total
cleared lysate (T) was removed prior to centrifugation. An equal number of cell
equivalents was loaded for each sample. The GST-Lstlp-HA fusion was
detected using anti-HA antibodies. For both A and B the Sec23p protein was
detected using ant-Sec23p antibodies.
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Figure 6. Deletion of LST1 causes hypersensitivity to low pH. (A) An equal
number of wild-type (CKY443) or IstlA (CKY534) cells was spotted onto rich
media (pH 6.5), or rich media with HCI (pH 3.8) and incubated at 370C for two
days. (B) A montage of multi-budded IstlA cells (CKY534) grown at 370C on
low-pH medium. Cells were visualized by differential interference contrast
microscopy (DIC).
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Figure 7. Localization of Pmalp in LST1 and IstlA cells. Wild-type (CKY443)
and IstlA (CKY534) cells were grown overnight at 240C and then shifted to
370C for three hours. Cell were fixed in formaldehyde and labeled with affinity
purified anti-Pmal p antibodies, which was visualized with FITC-coupled
secondary antibody.
Pmalp DAPI
Wild-type
istlA
Figure 8. Pmalp is localized to the ER in IstlA cells. Wild-type (CKY443) and
IstlA (CKY534) cells were grown as described for Figure 7. Cell lysates were
fractionated on density gradients of 20-60% sucrose. Relative levels of Pmal p,
Gaslp (plasma membrane marker), and Sec61p (ER marker) in each fraction
were quantitated by Western blotting and densitometry. GDPase (Golgi marker)
was determined by enzymatic assay. The position of the peak fractions
containing at least 80% of the given marker are indicated.
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Chapter 3
Physiological Regulation of Membrane Protein Sorting Late
in the Secretory Pathway of S. cerevisiae
PREFACE
This chapter represents primarily my own work. Neil Rowley assisted in the cell
fractionation experiments described in Figures 3 and 7.
This chapter will soon be published in its entirety in the Journal of Cell Biology
as:
Kevin J. Roberg, Neil Rowley and Chris A. Kaiser. (1997). Physiological
Regulation of Membrane Protein Sorting Late in the Secretory Pathway of S.
cerevisiae.
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ABSTRACT
In mammalian cells, extracellular signals can regulate the delivery
of particular proteins to the plasma membrane. We have
discovered a novel example of regulated protein sorting in the late
secretory pathway of S. cerevisiae. In yeast cells grown on either
ammonia or urea medium, the general amino acid permease
(Gap1p) is transported from the Golgi to the plasma membrane,
whereas in cells grown on glutamate medium Gap1p is transported
from the Golgi to the vacuole. We have also found that sorting of
Gap1p in the Golgi is controlled by SEC13, a gene previously
shown to encode a component of the COPII vesicle coat. In secl3
mutants grown on ammonia, Gap1p is transported from the Golgi to
the vacuole instead of to the plasma membrane. Deletion of
PEP12, a gene required for vesicular transport from the Golgi to the
prevacuolar compartment, counteracts the effect of the secl3
mutation and partially restores Gap1p transport to the plasma
membrane. Together these studies demonstrate that both a
nitrogen-sensing mechanism and Secl3p control Gap1p transport
from the Golgi to the plasma membrane.
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INTRODUCTION
The trans-Golgi is a major branch-point in the secretory pathway, where
proteins directed to the cell surface are segregated from proteins that are
destined for the lysosome. In some specialized mammalian cells, particular
cargo proteins are segregated at the trans-Golgi into compartments that allow
regulated delivery to the plasma membrane. For example, in pancreatic
secretory cells and islet cells, secreted enzymes and hormones are packaged
into regulated secretory vesicles known as secretory granules (Burgess and
Kelly, 1987). In adipose cells, the GLUT-4 glucose transporter is segregated
into a specialized post-Golgi compartment that allows its delivery to the cell
surface to be regulated by insulin (Haney and Mueckler, 1994). Similarly, in
renal duct cells water channels are delivered from a post-Golgi compartment to
the plasma membrane in response to vasopressin (Nielsen et al, 1995), and in
stomach epithelial cells the H+ - K+ ATPase is delivered to the plasma
membrane in response to gastrin (Urushidani and Forte, 1987). These
regulated trafficking processes allow the protein composition of the plasma
membrane and the release of proteins into the extracellular environment to be
modulated in response to extracellular signals. An understanding of how
different cargo proteins are segregated in the trans-Golgi and how extracellular
signals control vesicle function is actively being sought but the underlying
molecular mechanisms remain poorly understood.
The trans-Golgi compartment is also a major branch point in the
secretory pathway of S. cerevisiae. At least three different kinds of vesicles bud
from the yeast trans-Golgi: one vesicle type carries soluble and membrane
vacuolar proteins to the pre-vacuolar compartment (Horazadovsky et al., 1995;
Conibear and Stevens, 1995) and two separable vesicle types carry different
sets of proteins to the plasma membrane (Harsay and Bretscher, 1995).
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Transport by all three post-Golgi mechanisms appears to be constitutive and
regulation of protein delivery to the plasma membrane has not been observed
in yeast. As a possible subject for regulated transport in yeast, we have
explored the mechanism by which the activity of certain amino acid permeases
are regulated by nitrogen source.
The amino acid permeases of S. cerevisiae constitute a family of 19
related proteins that can be divided into two classes according to their
regulation and function (Andre, 1995). The constitutive permeases are high-
affinity permeases that transport either specific amino acids, or a set of
chemically related amino acids (Horak, 1986; Grenson, 1992). The best
characterized permeases in this class include the histidine permease, Hiplp
(Tanaka and Fink, 1985), the lysine permease, Lyplp (Syrchova and
Chevallier, 1993), and the basic amino acid permease Cani p (Hoffman, 1985).
This class of permease is thought to transport amino acids primarily for use in
protein synthesis. The regulated permeases include Gaplp, which can
transport all naturally occurring amino acids (Grenson et al., 1970; Jauniaux
and Grenson, 1990), and Put4p which transports proline (Lasko and Brandriss,
1981; Vandenbol et al., 1989). These permeases have a high capacity and are
coordinately induced by growth on poor nitrogen sources implying that they
function in the acquisition of amino acids for use by the cell as a source of
nitrogen (Courchesne and Magasanik, 1993; Grenson, 1992).
Gaplp is thought to play a pivotal role in the control of nitrogen
metabolism since the amino acids that Gaplp transports are both the substrates
for amino acid utilization pathways and the inducers of these pathways
(Magasanik, 1992). Thus, under conditions in which amino acids in general are
not needed as a nitrogen source, it may be best for the cell to repress Gaplp
activity so that amino acid catabolic ezymes are not needlessly induced.
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Accordingly, Gap1 p activity is strictly regulated in response to the type of
nitrogen source that is available in the growth medium. The GLN3, NIL 1, and
URE2 genes co-ordinately control transcription of a number of nitrogen-
responsive genes. Under the control of these transcription factors, GAP1 mRNA
is expressed in cells grown on urea or glutamate but not in cells grown on
glutamine as a nitrogen source (Stanbrough and Magasanik, 1995). Post-
translational regulation of Gaplp is also evident when Gaplp protein levels and
permease activity are compared in cells grown on different nitrogen sources.
For example, Gap1 p protein levels are similar in cells grown on either urea or
glutamate, but Gaplp activity is 100-fold higher in cells grown on urea than in
cells grown on glutamate (Stanbrough and Magasanik, 1995).
Here we follow the intracellular location of Gaplp in cells grown on
different nitrogen sources and find that in glutamate-grown cells Gap1 p is
transported to the vacuole rather than to the plasma membrane. Thus, one of
the underlying mechanisms of post-translational regulation of Gapip is
regulated protein sorting at the trans-Golgi by a process that appears to be
similar to regulated delivery of proteins to the plasma membrane in mammalian
cells. In addition, we find that certain alleles of SEC13 selectively disrupt the
transport of nitrogen-regulated permeases to the cell surface, but do not affect
the constitutive permeases. Together, our studies indicate that there is a
specialized transport step for delivery of Gapi p and Put4p to the plasma
membrane that requires Secl3p function and is regulated by nitrogen source.
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MATERIALS AND METHODS
Strains, Plasmids, and Media
The yeast strains listed in Table I are all in the S288C genetic
background which carries a loss of function allele at the perl locus and
therefore expresses high levels of Gaplp and Put4p permeases when
ammonia is used as a nitrogen source (Courchesne and Magasanik, 1983).
pPL257 is the vector pRS316 with the GAP1 gene that has been tagged with
the nine amino acid HA1 epitope inserted between amino acids 62 and 63 of
Gaplp (Ljungdahl et al., 1992). pMS29 is the pBL101 vector with a GAP1-lacZ
fusion at amino acid 53 of Gaplp (Stanbrough and Magasanik, 1995). Minimal
media are composed of Difco yeast nitrogen base without amino acids and
without ammonium sulfate (Difco Laboratories, Detroit, Michigan), 2% glucose,
and a nitrogen source: 0.1% glutamate, 0.1% glutamine, 0.2% urea, or 0.5%
ammonium sulfate. For SFD (nitrogen free media) no nitrogen source was
added. Minimal media were adjusted to pH 4.0 with either NaOH or HCI.
Assays for Amino Acid Uptake
Strains to be assayed were cultured to 8 x 106 cells/ml in minimal
medium. Cells collected by filtration on a 0.45 gIM nitrocellulose filter (Millipore
Corporation, Bedford, MA) were suspended in SFD medium. Cell density was
adjusted according to the amino acid being assayed so that the rate of uptake
was linear during the assay. The assay was initiated by addition of a [14C]-
radiolabeled amino acid to a final concentration of 4 gM and 100 Cl samples
were taken at five intervals, 30 seconds apart. For some citrulline uptake
assays it was necessary to shorten this interval to keep the assay linear. Cells
were collected by filtration through a #30 glass fiber filter (Schleicher and
Schuell, Keene, NH), and were washed of free labeled amino acid with 30 ml of
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chilled water. The filters were dried and intracellular labeled amino acid was
determined by liquid scintillation counting. The activity was then determined
from the velocity of uptake for at least two independent samples. The specific
activities of the amino acids used were 312 mCi/mmol for histidine; 125
mCi/mmol for lysine, leucine and proline; 57.7 mCi/mmol for citrulline; and 51.8
mCi/mmol for tryptophan. Labeled amino acids were obtained from: Amersham,
Arlington Heights, IL; NEN, Dupont, Boston, MA; and Moravek Biochemicals,
Inc., Brea, CA.
For transfer of cells from one nitrogen source to another, cells were
grown in minimal glutamate or glutamine medium to a density of 8 x 106
cells/mi. Cells were harvested on 0.45 pgM nitrocellulose filter and suspended
in urea medium, or urea medium with 1.5 gg/ml cycloheximide. Citrulline
uptake assays were then performed at 0, 5, 10, 15, 20 and 30 minutes after the
transfer. For experiments with the sec6 mutants, glutamate grown cultures were
shifted to 360C for 10 minutes prior to the medium transfer.
Membrane Protein Preparation, Western Blotting, and Antibodies
Cultures were grown to exponential phase and 4 x 108 cells were
collected and washed once in STE10 (10% [w/w] sucrose, 10 mM Tris-HCI (pH
7.6), 10 mM EDTA). Cell pellets were resuspended in 20Cl of STE10 with
protease inhibitors (1 mM PMSF, 0.5 mg/ml leupeptin, 0.7 mg/ml pepstatin
[Boehringer Mannheim Biochemicals, Indianapolis, IN]) and lysed by agitation
with glass beads. Cell lysates were diluted to 1 ml with STE10 and centrifuged
for 2 minutes at 300g. The supernatants were then centrifuged at 150,000g for
one hour and membrane pellets were resuspended in 100 dl STE10 and total
protein was determined using the DC protein assay (Bio-Rad Laboratories,
Hercules, CA). Membranes were solubilized by adding 10p1l of membranes to
106
90p1 2X sample buffer (4% sodium dodecyl sulfate, 0.1 M Tris-HCI [pH 6.8], 4
mM EDTA, 20% glycerol, 2% 2-mercaptoethanol, 0.02% bromophenol blue).
Proteins were resolved by SDS-PAGE (Laemmli, 1970). Western
blotting was performed using standard methods (Harlow and Lane, 1988).
Antibodies were used as follows: anti-HA antibody, 12CA5, (BabCO, Richmond,
CA) at 1:1000 dilution; rabbit anti-Sec61p at 1:1000 dilution; rabbit anti-Pmalp
(gift of A. Chang) at 1:500 dilution; and HRP-coupled sheep anti-rabbit and
HRP-coupled sheep anti-mouse (both Amersham Corp.) at 1:10,000 dilution.
Blots were developed by chemiluminescence (ECL kit; Amersham).
Cell Fractionation and Equilibrium Density Centrifugation
Cell organelles were fractionated on equilibrium density gradients
essentially as described by Killing and Hollenberg, 1994. Exponential cultures
were arrested by the addition of sodium azide and potassium fluoride to 10 mM.
Cells were washed once in 10 mM sodium azide, 10 mM potassium fluoride, 5
mM Tris-HCI (pH 7.6). For fractionation of membranes in the absence of Mg++,
cells were pelleted and resuspended in 0.5 ml STE10 with protease inhibitors.
Glass beads were added to the meniscus and cells were disrupted by rigorous
vortexing for two minutes. Following the addition of 1 ml STE10, the extract was
transferred to a fresh tube and cleared of unbroken cells and cell walls by
centrifugation at 300g for two minutes. 0.3 ml of cleared extracts were layered
on top of a 5 ml, 20-60% linear sucrose gradient made up in 10 mM Tris-HCI
(pH 7.6), 10 mM EDTA. For fractionation of membranes in the presence of
Mg++, all solutions contained either 1 mM or 2 mM MgCI 2 as indicated, and no
EDTA. Samples were centrifuged for 18 hours at 100,000g in a SW50.1 rotor.
300 pl fractions were collected from the top of the gradient using a micro pipette.
Fractions were diluted to 1 ml with water and protein was precipitated by the
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addition of 100 •I of 0.15% deoxycholate and 100 gI of 72% trichloroacetic acid.
After a one hour incubation on ice proteins were pelleted by centrifugation and
reprecipitated with cold acetone. Protein pellets were dried and suspended in
2X sample buffer. Gaplp-HA, Pmalp and Sec61 p were resolved by SDS-
PAGE and were detected by Western blotting. The quantity of each protein in
cell fractions was determined by densitometry using an Ultroscan (2202; LKB
Instruments, Inc., Gaithersburg, MD). GDPase activity was assayed in gradient
fractions prior to protein precipitation using standard methods (Abeijon et al.,
1989).
Radiolabeling and Immunoprecipitation
Gaplp-HA stability was examined by pulse-chase experiments. Cells for
labeling were grown in minimal medium to a density of 8 x 106 cells/ml in
glutamate or 1.6 x 107 cells/ml in ammonia. Cells were collected by filtration
and resuspended in 1.6 ml of growth medium at a density of 1.7 x 108 cells/mi.
Labeling of cellular protein was initiated by the addition of 300 gCi of [35S]
methionine and cysteine (NEN-Dupont). After 7 minutes the chase was initiated
by diluting labeled cells into 26 ml of growth medium with 5.9 gM methionine
and 5.5 gM cysteine. In experiments with secl3-1 mutants, the strains were
labeled for 10 minutes and chased with 268 gM methionine and 250 ELM
cysteine because of reduced uptake of amino acids in sec13-1 mutants. 5 ml
samples were removed from labeled cultures and added to 100pl of 50X stop
mix (0.5 M sodium azide, 0.5 M potassium, 50 mM Tris-HCI [pH 7.4]). Cells
were collected by centrifugation and then lysed in 20 il of STE10 with protease
inhibitors by agitation with glass beads. Further steps were essentially as
described by Silve et al., 1991. Extracts were diluted with 1 ml of IP buffer (50
mM Tris-HCI [pH 7.4], 150 mM NaCI, 5 mM EDTA, 1% Triton X-100), containing
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0.5% fixed S. aureus cells, incubated for 10 minutes, and cleared by
centrifugation. 900 il of the cleared supernatant was added to 100 gI of IP
buffer containing 1 p• of the 12CA5 monoclonal antibody. Samples were
incubated at room temperature for 1 hour after which 100 gI of 5% protein A
Sepharose beads (Pharmacia, Piscataway, NJ) were added and the incubation
was continued for an additional hour. Protein A Sepharose pellets were
washed three times with IP buffer and once with IP buffer without Triton X-100.
Proteins were solubilized in 20 gL sample buffer and resolved by SDS-PAGE.
Gaplp-HA was imaged by fluorography with a phosphoimager (Molecular
Dynamics, Sunnyvale California). The amount of Gapi p-HA was determined
using ImageQuaNT software and standard protocols (Molecular Dynamics,
Sunnyvale California).
The kinetics of CPY maturation was evaluated by pulse-chase
experiments as previously described (Gimeno et al., 1995).
P-Galactosidase Assay
CKY522 (ura3-52) and CKY523 (secl3-1 ura3-52) were transformed
with the plasmid pMS29 carrying a gapl-lacZ fusion. Fresh transformants were
grown over night in ammonium medium to a cell density of 1.6 X107 cells/ml.
Cells were permeabilized by chloroform-SDS treatment and P-galactosidase
activity was assayed as described by Guarente, 1983. Enzymatic activities
were normalized to OD600 . Five independent transformants were assayed for
each determination.
Immunofluorescence Microscopy
Cellular Gaplp-HA was visualized by indirect immunofluorescence using
standard methods for fixation and immunostaining (Pringle et al., 1991). Strains
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were grown in SD medium to a density of 1.6 x 107 cells/ml. Cells were fixed in
3.7% formaldehyde for one hour at room temperature, washed in 100 mM
potassium phosphate (pH 7.2) and spheroplasted by lyticase treatment at 300C
for 30 minutes (100 units lyticase in 0.1 M potassium phosphate, pH 7.2; 28mM
P-mercaptoethanol). Primary and secondary antibody incubations were for one
hour at 250C. The 12CA5 monoclonal antibody was used at a 1/5000 dilution
(BAbCO, Richmond, CA). The anti-Kar2p poly-clonal antibody (a gift from M.
Rose, Princeton University, New Jersey) was used at a dilution of 1:1,000.
FITC-coupled goat anti-mouse IgG (Boehringer Mannheim Biochemicals) and
rhodamine-coupled donkey anti-rabbit IgG (Amersham Life Science Inc.) were
used at a 1/200 dilution. Samples were viewed with a Zeiss axioscope
equipped for epifluorescence (Carl Zeiss, Thornwood, NY). Images were
recorded with Kodak T-Max 400 film (Eastman Kodak Co., Rochester NY)
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RESULTS
Regulation of amino acid permeases by growth on glutamate
We evaluated the effect of the nitrogen source on Gaplp regulation in
our wild-type genetic background by measuring both Gaplp protein levels and
Gaplp activity in cells grown on different nitrogen sources. Gaplp protein was
measured using a strain expressing Gapilp fused to the HA1 epitope of
influenza hemagglutinin (Ljungdahl et al., 1992). High levels of Gaplp-HA
were detected in cells grown on ammonia or urea as the sole nitrogen source,
somewhat lower levels were detected in cells grown on glutamate, and no
Gaplp-HA was detected in cells grown on glutamine (Figure 1A). Gaplp
permease activity was measured by uptake of [14C] citrulline, an amino acid that
enters cells only through Gapilp (Grenson et al., 1970). Gaplp activity was high
in cells grown on either ammonia or urea, and was low in cells grown on
glutamate or glutamine (Stanbrough and Magasanik, 1995; Figure 1B). These
findings reproduce the observation that although Gaplp is expressed in cells
grown on glutamate, Gapilp experiences some form of post-translational
inhibition and the permease activity is low.
The effect of glutamate on the activity of other amino acid permeases was
also examined by measurement of the rate of uptake of different radiolabeled
amino acids. For these experiments, the contribution of Gapilp to the uptake of
specific amino acids was eliminated by use of a gaplA mutant. The uptake of
proline was 10-fold lower in cells grown on glutamate than on ammonia,
indicating that Put4p activity was also inhibited on glutamate. In contrast, the
uptake of tryptophan, leucine, histidine and lysine was either the same or
greater in cells grown on glutamate than on ammonia indicating that the
activities of at least four specific permeases are not inhibited by growth on
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glutamate (Figure lC). Thus, the inhibitory effect of growth on glutamate
appears to be specific for Gap1 p and Put4p.
Gaplp is rapidly delivered to the plasma membrane on transfer
from glutamate to urea
To determine how rapidly the Gapilp protein in cells grown on glutamate
could become active for amino acid uptake, the kinetics of Gaplp induction
were followed by measuring Gaplp activity after a shift in nitrogen source.
When cells grown on glutamate were transferred to urea medium, Gaplp
permease activity was induced rapidly, increasing 10-fold after 5 minutes, and
100-fold after 20 minutes (Figure 2A). If cells were grown on glutamine prior to
transfer to urea medium, Gapi p activity increased only after a delay of about 15
minutes. This lag period probably represented the minimum time required to
induce synthesis and to transport new Gaplp protein to the cell surface. The
rapid onset of Gapi p activity after transfer from glutamate to urea suggested
that the cellular pool of Gap1 p present in cells grown on glutamate was
available for rapid activation after cells were transferred to urea medium.
To test whether the Gaplp in cells grown on glutamate could be
activated without further protein synthesis, cells grown on glutamate were
transferred to urea medium containing cycloheximide. Under these conditions,
Gaplp activity increased as rapidly as in cells transferred to urea medium
without cycloheximide, but the increase in Gaplp activity was not sustained
after 15 minutes (Figure 2B). When cells grown on glutamine cells were
transferred to urea containing cycloheximide a substantial increase in Gaplp
activity was not detected, confirming that treatment with cycloheximide blocked
new Gapi p synthesis. These results show that the Gapilp protein present in
cells grown in glutamate can be activated upon a shift to urea medium.
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We considered the possibility that the initial rapid activation of Gapl p on
transfer from glutamate to urea could be the consequence of a redistribution of
Gaplp from an intracellular compartment to the cell surface. Extracts from cells
grown on glutamate, or grown on glutamate and then shifted to urea for 20
minutes, were fractionated on sucrose density gradients in the presence of
EDTA. Under these conditions, where Mg++ was removed from the lysate by
chelation, ER and Golgi membranes had a low buoyant density and were well
resolved from the more dense plasma membrane. Gaplp-HA from cells grown
on glutamate fractionated in one peak coincident with the intracellular markers,
Sec61lp (ER) and GDPase activity (Golgi), but was not detected in fractions
containing the plasma membrane marker Pmalp (Figure 3A). In contrast,
Gapi p-HA from cells shifted to urea fractionated as two peaks, one coincident
with the intracellular markers and the other with the plasma membrane marker
(Figure 3B). Thus, the low level of Gaplp activity observed in glutamate-grown
cells correlates with the absence of detectable levels of Gaplp in the plasma
membrane. Moreover, after transfer to urea medium the 100-fold increase in
Gapl p activity was accompanied by the appearance of Gapi p protein in the
plasma membrane.
ER and Golgi fractions overlap extensively in sucrose density gradients
when cell extracts have been prepared in the presence of EDTA. To further
define the subcellular distribution of Gapilp in cells grown on glutamate,
extracts were prepared with MgCI 2 and no EDTA. These conditions produce ER
membranes with a much higher buoyant density than Golgi membranes,
possibly because a Mg++-dependent association of ribosomes with ER
membranes is preserved (Dobrota and Hinton, 1992). On gradients with Mg++,
Gaplp-HA from glutamate-grown cells resolved in two peaks, one coincident
with the Golgi and the other with the ER (Figure 3C). Thus, in cells grown on
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glutamate, Gaplp-HA was found in membranes of both the ER and Golgi
compartments, but not in the plasma membrane.
Regulated delivery of Gaplp to the plasma membrane requires
vesicular transport
The role of vesicular transport in the redistribution of Gaplp to the
plasma membrane after transfer from glutamate to urea medium was tested by
examining Gaplp activity in mutants that block transport in the late secretory
pathway. SEC6 is one of ten genes required for the fusion of post-Golgi
secretory vesicles with the plasma membrane. In a sec6 temperature-sensitive
mutant at 360C, transport from the Golgi to the plasma membrane is blocked
and secretory vesicles accumulate (Novick et al., 1981). No induction of Gaplp
permease activity was observed in a sec6 mutant when transfer from glutamate
to urea was preceded by a 10 minute shift from 240C to 360C (Figure 4A). In an
isogenic wild-type strain under the same conditions, Gaplp activity increased
up to 25-fold after 15 minutes. The effect of the sec6 mutation on the subcellular
distribution of Gaplp-HA was also examined by cell fractionation on a sucrose
density gradient containing EDTA. No Gaplp-HA was detected in the plasma
membrane fractions from an extract prepared from a sec6 mutant grown on
glutamate at the permissive temperature, then transferred to urea medium at the
restrictive temperature for 20 minutes (Figure 4B). Based on these results, we
conclude that post-Golgi vesicular transport was required for the redistribution
of Gaplp to the plasma membrane upon a shift from glutamate to urea.
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Gaplp is transported from the Golgi to the vacuole in glutamate-
grown cells
Gapi p was found in the membranes of the ER and the Golgi of glutamate
grown cells, but did not appear to accumulate in either organelle suggesting
that Gapl p was continuously turned over. In pulse-chase experiments to
examine the stability of Gaplp-HA in glutamate grown cells, Gapl p-HA was
found to be degraded with a half-time of 60 minutes (Figure 5). This
degradation on glutamate was found to occur in the vacuole since Gaplp-HA
was stabilized by pep4A, a mutation that prevents the enzymatic activation of
vacuolar proteases (Jones et al., 1982).
Studies of the delivery of membrane proteins to the yeast vacuole have
demonstrated that there are two possible transport pathways from the Golgi to
the vacuole. Usually, vacuolar proteins follow an intracellular route via the pre-
vacuolar compartment (Horazdosky et al., 1995; Conibear and Stevens, 1995).
However, when normal transport to the prevacuolar compartment is blocked,
proteins can be transported first to the plasma membrane and then to the
vacuole via the endocytic pathway (Nothwehr et al., 1995; Redding et al., 1996).
To determine which pathway is followed by Gaplp in glutamate-grown cells, we
evaluated the effect on Gapi p degradation of a block in transport from the Golgi
to the plasma-membrane. In pulse-chase experiments with glutamate grown
cells shifted to 360C, Gaplp-HA was turned over at similar rates in isogenic
sec6 mutant and wild-type strains, demonstrating that Gaplp transport to the
vacuole did not require transport from the Golgi to the plasma membrane
(Figure 5). If Gapi p were delivered to the vacuole via the plasma membrane
then a sec6 mutation should have caused Gaplp to be sequestered in post-
Golgi vesicles preventing its degradation. Thus, in cells grown on glutamate,
Gapl p traverses the early part of the secretory pathway and then appears to be
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transported directly from the Golgi to the vacuole via the prevacuolar
compartment.
To confirm that transport of Gaplp to the vacuole in glutamate-grown
cells was not a result of endocytosis from the plasma membrane, the effect of
end3-1 and end4-1 mutations on Gaplp activity was evaluated. In these
mutants, endocytosis of the integral membrane proteins, Ste2p, Ste6p, and the
uracil permease, is blocked at the restrictive temperature (Schandel and
Jenness, 1994; Berkower et al., 1994; Volland et al., 1994). We expected that if
the low level of Gaplp activity observed in cells grown on glutamate were a
consequence of endocytosis, these mutants would exhibit relatively high levels
of Gaplp activity on glutamate at the restrictive temperature. Assays of [140]
citrulline uptake by cells grown on glutamate and shifted to 360C for one hour
demonstrated that Gaplp activity was actually at least two-fold lower in end3-1
and end4-1 mutants than in a wild-type strain under identical conditions. The
inability of endocytosis mutants to restore Gaplp activity to cells grown on
glutamate supports our conclusion that the low Gaplp activity in wild-type cells
grown on glutamate results from decreased transport of Gaplp to the plasma
membrane rather than enhanced endocytosis.
SEC13 mutants affect Gap1p activity on ammonia but not on
glutamate
We were interested in identifying cellular factors that are required for
Gaplp transport to the cell surface. A simple hypothesis to explain how Gapi p
localization is regulated in response to the external nitrogen source is that
growth on glutamate inhibits the selective transport of Gaplp to the plasma
membrane. Accordingly, mutations in genes required for this selective transport
step should exhibit an intracellular distribution of Gaplp on ammonia that is
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comparable to the distribution of Gapilp in wild-type cells grown on glutamate:
namely Gaplp should be present in the Golgi but not in the plasma membrane.
In the process of studying mutants that genetically interact with SEC13-a gene
previously recognized to encode an essential component of the COPII vesicle
coat-we found that the activities of Put4p and Gapi p were particularly
sensitive to sec13 mutations. This finding led us to investigate the relationship
between SEC13 function and nitrogen-regulated delivery of Gapl p to the
plasma membrane.
Because Gaplp activity is highest in wild-type cells grown on ammonia
(Figurel B), analysis of the effect of secl3-1 on Gapi p activity was conducted
on cells grown on ammonia as the only nitrogen source. When a sec13-1
mutant was grown at 240C on ammonia, its rate of [14C] citrulline uptake was 50
to 100-fold lower than that of an isogenic wild-type strain (Figure 6A). Similarly,
[14C] proline uptake was 20-fold lower in a sec13-1 mutant than in wild-type
(Chapter 4). These effects on amino acid uptake cosegregated with the sec13-
1 mutation in genetic crosses and could be complemented by a wild-type copy
of the SEC13 gene. Uptake of tryptophan, leucine, histidine, and lysine were
not significantly altered by the secl3-1 mutation. Thus, like growth on
glutamate, the sec13-1 mutation affects the activities of Gap1 p and Put4p, but
not Hiplp, Lypl p, or permeases required for the uptake of either tryptophan or
leucine.
Importantly, the secl3-1 mutation had no significant effect on Gap p
activity in cells grown on glutamate. Both wild-type and sec13-1 strains had
similar low levels of Gapl p activity (0.64±0.18 pmol/min/OD 600 for wild-type;
0.45±0.04 pmol/min/OD600 for sec13-1) (Figure 6A). If it were the case that the
sec13-1 mutation and growth on glutamate reduced permease activity for
different reasons, then the effect of sec13-1 combined with the effect produced
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by growth on glutamate should have reduced activity even further. The
absence of such a synergistic effect, indicates that growth on glutamate and the
sec13-1 mutation act on the same process to reduce permease activity.
The effect of secl3-1 on Gap1p activity is not due to a defect in
general ER-to-Golgi transport
As the secl3-1 mutation was originally recognized to block ER to Golgi
transport at restrictive temperatures, it seemed possible that the permease
defect in secl3-1 could be related to an unanticipated link between general ER
to Golgi transport and transport of specific permeases from the ER. We could
eliminate this possibility, however, since a sec13-1 mutant grows at the same
rate as wild-type at 240C (doubling time of 3 hours in minimal medium) and
therefore must have a normal rate of secretion-coupled cell surface growth. As
a specific test for the rate of ER to Golgi transport, pulse-chase experiments
were performed to follow the rate of maturation of carboxypeptidase Y (CPY)
from the ER form (pl) to the Golgi (p2) and vacuolar (M) forms of the enzyme. In
these experiments, the rate of transport of CPY from the ER was the same in
secl3-1 and wild-type at 240C (Figure 6B). These data show that secl3-1 does
not have a general ER to Golgi defect at 240C and the effect of secl3-1 on
permease transport cannot be explained as a consequence of slowed ER to
Golgi transport.
We also examined the possibility that sec13-1 reduces expression of
Gapip. Both wild-type and sec13-1 mutants exhibited similar levels of
expression of a gapl-lacZgene fusion (Figure 6C). In addition, Gap1p protein
levels in strains expressing Gaplp-HA were quantified by immunoblotting. The
levels of Gap1 p-HA in a secl3-1 mutant were approximately two-fold lower than
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in wild-type (Figure 6D); a reduction in protein level insufficient to account for
the 100-fold reduction in Gapi p activity.
Gapip-HA is not transported to the cell surface in secl3-1 mutants.
To determine if the effect of secl3-1 on Gap1 p activity was due to altered
trafficking of the permease, we compared the subcellular distribution of Gapi p-
HA in wild-type and a sec13-1 mutant. Lysates were prepared from cells grown
on ammonia at 240C and fractionated on sucrose density gradients containing
EDTA. Consistent with a defect in transport to the plasma membrane, Gapl p-
HA from secl3-1 cells was found in a single peak coincident with the ER and
Golgi-containing fractions and no Gaplp-HA could be detected in the plasma
membrane fractions (Figure 7A). As expected, Gaplp-HA from wild-type cells
was detected in two distinct peaks: one coinciding with both the ER marker
Sec61 p and Golgi GDPase, and the other coinciding with the plasma
membrane marker Pmalp. The finding that in wild-type cells grown on
ammonia, less than half of the total Gapilp-HA is in the plasma membrane at
steady state is likely the consequence of a slow rate of transport of Gapi p to the
plasma membrane.
To determine if Gapip is transported from the ER in a sec13-1 mutant at
240C, the ER and Golgi from a sec13-1 mutant were resolved on sucrose
gradients containing Mg++. Under these conditions, Gapl p-HA from both
secl3-1 and wild-type cells resolved in two peaks. One peak coincided with the
ER and the other with the Golgi (Figure 7B), demonstrating that in the sec13-1
mutant Gaplp resided in both the ER and Golgi compartments.
That the secl3-1 mutation did not block Gapi p at the level of the ER at
240C was confirmed by indirect immunofluorescence microscopy using an anti-
HA antibody to detect Gaplp-HA. Punctate staining, clearly distinct from the ER,
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was observed at the cell periphery in both wild-type and secl3-1 cells. Only a
small fraction of the Gaplp-HA was coincident with the perinuclear ER
compartment, as marked by the ER-resident protein Kar2p in double-labeling
experiments (Figure 8). A shr3A mutant was used as a control to show the
staining pattern for Gaplp-HA that had been retained in the ER. Mutations in
SHR3 cause a block in transport of Gapl p-HA from the ER (Ljungdahl et al.,
1992). As expected, the distribution of Gapilp-HA in the shr3A mutant was
perinuclear and coincident with Kar2p staining. Together, the localization
experiments show that in secl3-1 cells Gaplp is located in both the ER and
Golgi compartments, but not the plasma membrane. The absence of a clear
accumulation of Gaplp in the ER in sec13-1 reinforces the conclusion that the
permease defect in sec13-1 occurs at a late stage of the secretory pathway and
is not the result of a failure to transport Gapi p out of the ER.
SEC13 is required for transport of Gaplp from the Golgi to the
plasma membrane
We examined the possibility that Gaplp was transported to the vacuole
in sec13-1 mutants grown on ammonia. In pulse-chase experiments to
examine protein turnover in cells growing at 240C, Gapilp-HA had a half-life of
55 minutes in a wild-type strain and 35 minutes in a secl3-1 mutant (Figure 9A).
Degradation of Gapilp-HA in the sec13-1 mutant occurred in the vacuole since
Gap1 p-HA was not degraded in a secl3-1 pep4A double mutant. Thus, we
conclude that both for wild-type cells grown on glutamate and for secl3-1
mutants grown on ammonia, Gaplp was transported to the vacuole.
To strengthen the argument that SEC13 is required for the regulated
transport of Gaplp to the plasma membrane, we wished to define the route
taken by Gaplp to the vacuole in sec13-1 cells grown on ammonia. We utilized
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a pep 12A mutation which blocks transport of proteins from the Golgi to the
prevacuolar compartment at 240C (Becherer et al., 1996). If Gaplp arrived at
the vacuole via the prevacuolar compartment, we reasoned that a blockade of
transport along this pathway could result in the accumulation of Gaplp at the
Golgi. Furthermore, this accumulation might result in non-specific packaging of
Gaplp into vesicles by a SEC13-independent process, leading to the transport
of Gaplp from the Golgi to the plasma membrane. Consistent with this
hypothesis, the rate of [14C] citrulline uptake was 15-fold greater for a sec13-1
pep 12A double mutant than for an isogenic sec13-1 single mutant (Figure 9B).
In control experiments, we found no significant difference between the rate of
citrulline uptake in sec13-1 and sec13-1 pep4 mutants, showing that
suppression of the secl3-1 defect by pep12A was not simply due to a loss of
vacuolar protease activity.
We confirmed the ability of pep 12A to suppress the Gapl p transport
defect of sec13-1 mutants by directly comparing the amount of Gapi p in the
plasma membrane of sec13-1 and sec13-1 pep12A strains. Cell extracts from
wild-type, sec13-1 and sec13-1 pep12A strains were fractionated on density
gradients and the plasma membrane containing fractions marked by the
presence of Pmalp were collected. The amount of Gaplp-HA in the pooled
plasma membrane fractions from sec13-1 pep12A double mutants were
approximately 20% of that found in wild-type cells, consistent with the relative
Gaplp activity in the two strains (Figure 9C). In contrast, Gapl p-HA could not
be detected in the plasma membrane of a secl3-1 single mutant.
We also examined the possibility that decreased endocytosis could
restore Gaplp activity in secl3-1 mutants. The ability of pep12A4 to partially
restore Gaplp activity in sec13-1 could not be explained by an effect of pep 12A
on endocytosis, since isogenic pep12A and wild-type strains showed similar
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capacity to take up the endocytic marker Lucifer Yellow (data not shown).
Moreover, citrulline uptake by a secl3-1 end3-1 double mutant was only two-
fold greater than for an isogenic secl3-1 single mutant (Figure 9B),
demonstrating that an end3-1 mutation could not restore Gaplp activity to a
sec13-1 mutant.
These results demonstrate that Gaplp was transported to the vacuole via
the prevacuolar compartment in a sec13-1 mutant, and that when this route was
blocked by pep 12A Gaplp transport to the plasma membrane was partially
restored. In addition, these results strengthen the conclusion that the secl3-1
mutation, like growth on glutamate, affects Gaplp sorting in the trans-Golgi.
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DISCUSSION
One way that S. cerevisiae cells adapt to different growth conditions is to
alter the capacity of the plasma membrane to transport small molecules. The
amino acid permeases Gaplp and Put4p are regulated according to nitrogen
source and their induction on poor nitrogen sources increases the cells capacity
to extract amino acids from the extracellular environment for use as a nitrogen
source (Magasanik, 1992). Regulation of Gapl p by nitrogen source was
previously shown to be accomplished by transcriptional control of GAP1 mRNA
synthesis and by hitherto poorly understood post-translational regulatory
mechanisms. In this paper we have followed Gaplp localization within yeast
cells grown on different nitrogen sources and find that the post-translational
regulation of Gapilp activity is a consequence of regulated sorting of Gaplp
protein in the secretory pathway. In cells grown on either urea or ammonia as a
nitrogen source, Gaplp can be detected in the plasma membrane and the
permease activity is high. In cells grown on glutamate as the nitrogen source,
Gaplp is absent from the plasma membrane and permease activity is low. In
glutamate grown cells, Gapilp appears to be transported to the vacuole from a
late Golgi compartment.
These findings are most easily explained if a special type of secretory
vesicle, or a special cargo-loading step into a general vesicle, is required for the
transport of Gaplp from the late-Golgi to the cell surface (Figure 10). According
to this idea, a regulatory mechanism sensitive to growth on glutamate inhibits
the packaging of Gaplp into vesicles destined for the plasma membrane
causing Gapl p to be transported to the vacuole where the protein is degraded.
Examination of mutants of a variety of membrane proteins has led to the view
that transport from the Golgi to the vacuole is the default condition for
membrane proteins that are not correctly targeted to the plasma membrane, or
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not correctly retained in the Golgi or ER. For example, mutant forms of the
plasma membrane ATPase are not transported to the cell surface, but instead
are diverted to the vacuole (Chang and Fink, 1995). In addition, mutant forms of
the Golgi dipeptidyl aminopeptidase that lack a Golgi retention signal are
transported to the vacuole, but not via the plasma membrane (Roberts et al.,
1992). Finally, fusion proteins containing a domain of a resident ER membrane
protein are transported to the vacuole when these proteins escape the ER-
retention mechanisms (Gaynor et al., 1994). These results imply that transport
of membrane proteins from the Golgi to the plasma membrane involves signal-
mediated sorting into secretory vesicles, and that membrane proteins that lack
an appropriate signal are transported to the vacuole by default. Our finding that
the regulated permeases, Gaplp and Put4p, have different requirements for
their transport to the cell surface than do the constitutive amino acid permeases
implies the two classes of permeases carry different sorting signals.
Comparison of permease sequences did not reveal any obvious features that
are unique to Gapilp and Put4p (Andre, 1995), and it remains to be determined
how these proteins are selected for a nitrogen-regulated transport step resulting
in delivery to the plasma membrane.
The localization of Gaplp has also allowed us to evaluate mutants for an
effect on the mechanism of Gaplp localization. Alleles of SEC13 seem to
produce the same effect on Gaplp sorting in the Golgi as that produced by
growth on glutamate. In secl3-1 mutants growing on ammonia as a nitrogen
source, Gaplp does not appear in the plasma membrane but is transported to
the vacuole instead. Moreover, in secl3-1 mutants growing on glutamate, the
reduction in Gapilp activity is no greater than for wild-type cells growing on
glutamate, indicating that the sec13-1 allele affects the same physiological
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process that is regulated by glutamate. Finally, secl3-1 appears to show the
same specificity for Gaplp and Put4p as does nitrogen-regulated transport.
Secl3p is a component of the COPII vesicle coat that acts in ER to Golgi
transport (Kaiser and Schekman, 1992; Pryer et al, 1993). The simplest
explanation for the specific requirement for SEC13 in the transport of Gap1 p
from the Golgi to the plasma membrane is that Secl3p is an essential
component of the secretory vesicles that carry Gapi p to the plasma membrane.
Two different types of secretory vesicles with different physical characteristics
and carrying different cargo molecules have been identified in yeast (Harsay
and Bretscher, 1995). Although both classes of secretory vesicles share a
common machinery for fusion with the plasma membrane, it is not known
whether these vesicles have coats, nor is anything known of specific genetic or
biochemical requirements for their budding. We propose that there is a third
class of post-Golgi vesicle that is specialized to carry Gapi p and Put4p to the
plasma membrane and that Secl3p functions as a component of the coat for
these vesicles. An alternative possibility is that Secl3p is required for loading
of Gaplp and Put4p into one of the general classes of secretory vesicle. These
two models can be properly addressed once Gaplp-containing secretory
vesicles have been purified and characterized. In either case, the functional
studies presented in this work suggest that Secl3p participates in the formation
of two different types of vesicles: Gapip containing vesicles that bud from the
late-Golgi as well as COPII vesicles that bud from the ER.
Although the requirement for SEC13 in the proper trafficking of nitrogen-
regulated permeases implies that Secl3p participates directly in vesicle
budding from the trans-Golgi, we cannot rule out the possibility that the role of
SEC13 in this process is indirect. One speculative indirect effect could involve
an as yet unidentified chaperone protein that follows the secretory pathway and
125
is required in the trans-Golgi for proper transport of Gapl p to the plasma
membrane. If such a protein existed, the effect of sec13 mutations on Gaplp
transport could be explained if we further postulate that transport of the
chaperone out of the ER were inhibited by sec13 mutants under conditions
where general ER to Golgi transport was not affected. Alternatively, since some
Secl3p has been shown to be associated with nuclear pore complexes
(Siniossoglou et al., 1996), it is possible that sec13 mutants have a subtle effect
on the nuclear pore and block import of a factor specifically required for
expression of a Gaplp-sorting factor. It will be possible to more directly address
these issues once we are able to test for the physical association of Secl3p
with Gaplp-containing vesicles.
We have explored the possibility that COPII proteins other than Secl3p
could also be required for transport of Gaplp from the late-Golgi. Mutations in
the COPII genes, SEC12, SEC16, SEC23, and SEC31, had no effect on Gaplp
activity at 240C (Chapter 4). Given the sensitivity and reproducibility of the
permease assay, and the complete absence of a measurable effect of other
COPII mutations, we think it is likely that Secl3p is the only known COPII
protein that participates in Gaplp sorting into post-Golgi vesicles. More likely
candidates for additional components of a Gaplp carrying vesicle were
identified in a screen for mutations that are synthetically lethal with sec13-1.
Three new genes isolated in this screen, LST4, LST7, and LST8, are also
required for Gapl p activity. In Ist4, Ist7 and Ist8 mutants, Gapl p and Put4p
activities are reduced to levels similar to those in secl3-1. Preliminary data
also suggest that Gaplp is not transported to the plasma membrane in Ist4, Ist7
and Ist8 mutants (Chapter 4).
When the pathway for transport from the Golgi to the prevacuolar
compartment is blocked, vacuolar membrane proteins can be transported to the
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cell surface instead (Nothwehr et al., 1995). A suggestion that the levels of
amino acid permeases in the plasma membrane can be increased by
decreasing transport to the vacuole came from the early finding that some
vacuolar protein sorting mutants could suppress certain missense alleles of
CAN1, the gene encoding the arginine permease (Jones, 1983). One of the
best characterized genes that when mutated can suppress can 1 mutations is
PEP12, which encodes a putative t-SNARE for protein trafficking from the trans-
Golgi to the prevacuolar compartment (Becherer et al., 1996). In pep 12A, the
absence of a functional transport pathway from the Golgi to the vacuole
presumably allows the concentration of membrane proteins that would
otherwise be transported to the vacuole. At sufficiently high concentrations in
the Golgi, we presume that even membrane proteins which lack appropriate
sorting signals, such as mutant Canip, will enter vesicles destined for the
plasma membrane. We have taken advantage of this phenomenon to show that
pep 12A can partially compensate for reduced Gapi p transport to the plasma
membrane caused by sec13-1.
We propose that for Gap1 p and Put4p, there is a hierarchy of routes out
of the Golgi. On ammonia or urea these permeases are preferentially loaded
into a class of vesicles that depends on Secl3p, and are destined for the
plasma membrane. When the pathway to the cell surface is not available, in
cells grown on glutamate or in sec13-1 cells grown on ammonia, the alternative
pathway taken by the permeases appears to be transport first to the prevacuolar
compartment and then to the vacuole. In a pep 12 mutant this alternative
pathway is blocked and transport to the plasma membrane is restored,
presumably because the only route out of the Golgi for Gaplp and Put4p is by
constitutive secretory vesicles destined for the plasma membrane.
127
The regulation of permease activity by sorting in the secretory pathway
raises the interesting question of why cells grown on glutamate would express a
large quantity of Gaplp that is degraded in the vacuole without appearing at the
cell surface. One possible benefit might be that regulation of Gaplp activity by
sorting would allow rapid adaptation to a changing environment. The
availability of glutamate as a nitrogen source could signal an impending need
for Gaplp permease activity. On the other hand, glutamate as a nitrogen
source might also be a condition where it would be undesirable to have Gaplp
and Put4p permeases in the plasma membrane because of their potential to
cause needless induction of amino acid utilization pathways. Accordingly, cells
grown on glutamate would produce an internal pool of Gaplp to populate the
early compartments of the secretory pathway that would be available for rapid
delivery to the plasma membrane once glutamate had been consumed.
Indeed, during growth on glutamate, Gaplp activity can be induced within 5
minutes after a change in nitrogen source, an interval considerably shorter than
the induction time for cells grown on glutamine, where de novo synthesis of
Gap1p is required (Figure 2).
It is also possible that Gapl p may perform an important function in the
vacuole. In the experiments reported here, Gaplp delivered to the vacuole is
degraded. However, it is not known how long the permease remains active in
the vacuolar membrane before proteolysis. Gaplp is an H+- amino acid
symporter (Grenson, 1992), and if Gaplp were transiently active in the vacuolar
membrane its activity should produce a flux of amino acids from the vacuolar
lumen to the cytosol. The vacuole is a storage compartment for a number of
amino acids, particularly arginine (Cooper, 1982). The membrane pumps
responsible for concentrating amino acids in the vacuole have been detected
as biochemical activities but the corresponding genes have not yet been
128
identified (Ohsumi and Anraku, 1981; Sato et al., 1984). Conditions that cause
amino acids stored in the vacuole to appear in the cytosol include nitrogen
starvation and growth on glutamate (Cooper, 1982; Courchesne and
Magasanik, 1983). We propose that Gaplp delivered to the vacuole in cells
grown on glutamate may be one of the agents responsible for release of amino
acids from the vacuole, and we are currently examining the role of Gaplp in this
process. Regulated sorting of Gaplp in the late Golgi could be thought of as a
decision either to send Gaplp to the plasma membrane to extract amino acids
from the extracellular environment, or to send Gaplp to the vacuole to utilize the
internally stored amino acids.
Finally, it is worth noting the parallels between the regulation of Gaplp
localization in yeast and the regulation of the GLUT-4 glucose transporter in
insulin-responsive mammalian cells. One way fat and muscle cells respond to
insulin, a signal of high levels of glucose in the blood, is to increase their
capacity to take up glucose. This is accomplished by a specialized insulin-
induced protein trafficking step that delivers GLUT-4 transporter to the cell
surface from an intracellular compartment (Haney and Mueckler, 1994).
Dysfunction of the cells ability to redistribute GLUT-4 to the cell surface
compromises glucose homeostasis and could be the underlying cause of
certain forms of non-insulin-dependent diabetes (James and Piper, 1994). This
form of control of carbon source metabolism by mammalian cells is strikingly
similar to the mechanism we propose here for control of nitrogen metabolism by
yeast cells. Here we show that one way the capacity of a yeast cell to utilize
amino acids as a nitrogen source is regulated by the controlled delivery of the
Gaplp permease to the cell surface. When Gaplp is not delivered to the cell
surface, it is eventually degraded in the vacuole after slow transit through the
ER and Golgi compartments. In the parallel case of unstimulated mammalian
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cells, intracellular GLUT-4 protein is found in intracellular compartments thought
to be related to either the trans-Golgi or the endosome (Haney and Mueckler,
1994). For yeast cells the functional equivalent of a storage compartment for
the permease might be the slow transit of Gaplp through the ER and Golgi.
Since little is known of the molecular mechanisms that underlie GLUT-4
trafficking, it is our hope that study of Gaplp transport in yeast will lead to the
identification of factors required for regulated transport in a variety of organisms.
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Table 1. Saccharomyces cerevisiae Strains
Strain Genotype Reference or Source
PLY134 MATa ade2 ade3 leu2-3, 112 lys2d201 ura3-52 Ljungdahl et al., 1992
gap 1A 1::LEU2 shr3A 1::URA3 [pPL257]
CKY443 MATa (prototroph)
CKY444 MATa sec13-1
CKY445 MATa leu2-3,112 gap 1A1::LEU2
CKY455 MATa secl3-1 pepl2A::TRP1
CKY456 MATa secl3-1 end3-1
CKY457 MATa secl3-1 pep4A::LEU2 leu2-3,112
CKY465 MATa leu2-3,112 ura3-52 gapld 1::LEU2 [pPL257]
CKY466 MATa sec13-1 leu2-3, 112 ura3-52 gap 1A1::LEU2 [pPL257]
CKY467 MATa secl3-1 pep4A::LEU2 leu2-3, 112 ura3-52 [pPL257]
CKY468 MATa sec13-1 pep12::TRP1 leu2-3,112 ura3-52 gapl::LEU2 [pPL257]
CKY517 MATa sec6-4
CKY518 MATa sec6-4 leu2-3,112 ura3-52 [pPL257; pNV31(CEN LEU2 TPI1-SUC2)]
CKY519 MATa pep4A::LEU2 leu2-3, 112 ura3-52 [pPL257]
CKY520 MATa ura3-52 [pPL257]
CKY521 MATa sec13-1 ura3-52 [pPL257]
CKY522 MATa ura3-52
CKY523 MATa sec 13-1 ura3-52
All strains are from this study where not otherwise indicated.
Figure 1. Gapilp protein is expressed but permease activity is low in cells
grown on glutamate as a nitrogen source. (A) Wild-type cells expressing GAP1-
HA (CKY465) were grown exponentially in synthetic medium with either
ammonium sulfate, urea, glutamate, or glutamine as the only nitrogen source.
The amount of tagged Gaplp in protein extracts was determined by SDS-PAGE
and Western blotting with anti-HA antibody. Equal quantities of each extract as
determined by protein assay were loaded onto the gel. (B) Wild-type cells
(CKY443) were grown exponentially in synthetic medium with different nitrogen
sources. Cells were harvested by filtration, suspended in SFD, and 4 gM [14C]
citrulline was added. Five aliquots were removed at 30s intervals and label
associated with the cell bodies was determined. Permease activity is
expressed as the rate of citrulline uptake relative to the rate for cells grown on
ammonia. The absolute rate of citrulline uptake on ammonia was 31
pmol/min/OD600. (C Gapl p-independent uptake of amino acids was
determined for a gap -A 1 mutant (CKY445) after growth on synthetic medium
supplemented with either ammonium sulfate or glutamate. (Citrulline uptake
was determined for a wild-type strain as described above.) The rate of uptake
of [14C]-labeled proline, tryptophan, leucine, histidine and lysine was
determined as above. The absolute rate of uptake for each amino acid, in
ammonia-grown cells, were as follows: proline, 4.7 pmol/min/OD 600;
tryptophan, 2.0 pmol/min/OD600; leucine, 2.4 pmol/min/OD 600; histidine, 18
pmol/min/OD600; lysine, 36 pmol/min/OD 600.
137
A
Gaplp-HA--*I
Am. Urea Glu Gin
100-
10-
1-
Am. Urea Glu Gin
Ow
C.>
o '
<3;F
100 -
75 -
50 -
Am. Gilu
Citrulline
Am. Glu
Proline
Am. Glu.
Tryptophan
B
C
270
I
IE
11IAm. JmU Am. UlU.
Histidine Lysine
Am.
Leucine
-
·- 
" 
---
<.2 7 - I
/m
low I
Figure 2. (A) Gapi p is rapidly activated after glutamate-grown cells are
transfered to urea medium. Wild-type cells (CKY443) were grown on either
glutamate or glutamine and the kinetics of induction of permease activity was
followed after transfer to urea. Permease activity was measured by the rate of
[14C] citrulline uptake as described above. (B) Wild-type cells were treated as
for 2 a , but were shifted to urea medium containing 1.5 gg/ml cycloheximide.
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Figure 3. In cells grown on glutamate, Gapilp-HA is in the ER and Golgi but
not the plasma membrane. (A) Cell lysates from wild-type (CKY465) grown on
glutamate, were fractionated on density gradients of 20-60% sucrose containing
10 mM EDTA. Relative levels of Gapilp-HA, Pmalp (plasma membrane
marker), and Sec61 p (ER marker) in each fraction were quantitated by Western
blotting and densitometry. GDPase (Golgi marker) was determined by
enzymatic assay of each fraction. The position of the peak fractions for each
marker are indicated (these fractions contain at least 80% of the total marker on
the gradient). (B) Cell lysates from wild-type (CKY465) grown on glutamate and
then transferred to urea medium were fractionated on density gradients
containing 10 mM EDTA. (C) Cell lysates from wild-type (CKY465) grown on
glutamate were fractionated as above but on density gradients containing 2 mM
Mg++.
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Figure 4. Transport of Gapilp to the plasma membrane requires secretory
vesicles. (A) Wild type (CKY443) and sec6-1 mutant (CKY517) strains were
grown in glutamate at 240C, shifted to 360C for 10 minutes and then transferred
to prewarmed urea medium. Gaplp activity was measured by the rate of [14C]
citrulline uptake. (B) A sec6 mutant (CKY518) was grown in glutamate at 240C,
shifted to 360C for 10 minutes, then shifted to prewarmed urea medium for 20
minutes. A lysate prepared from this culture was fractionated on a density
gradient of 20-60% sucrose containing 10 mM EDTA. Gaplp-HA and markers
for different subcellular compartments were evaluated for each fraction as
described in Figure 2.
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Figure 5. Gaplp stability in pep4, sec6 and wild-type strains grown in
glutamate. Isogenic wild type (CKY520), sec6 (CKY518), and pep4A (CKY519)
strains expressing GAP1-HA were grown in glutamate at 240C. Cultures were
shifted to 360C for 10 minutes and cell proteins were radioactively labeled
during a 7 minute pulse of [35S]-methionine and cysteine followed by a chase of
excess unlabeled methionine and cysteine. Gaplp-HA was
immunoprecipitated and the fraction of labeled Gaplp-HA remaining after
different chase times was determined with a phosphoimager.
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Figure 6. sec13-1 mutants greatly reduce Gap1p activity but not protein
levels.
(A) Isogenic wild-type (CKY443) and secl3-1 (CKY444) strains were grown at
240C in synthetic medium supplemented with either ammonium sulfate or
glutamate as the only nitrogen source. Gaplp activity was determined by the
rate of [14C] citrulline uptake. (B) ER to Golgi transport was assayed by the
kinetics of CPY maturation. Wild-type (CKY443) and sec13-1 (CKY444) strains
were grown at 241C in minimal medium with ammonia. Cultures were labeled
with [35S] methionine and cysteine for 5 minutes and chased by the addition of
an excess of unlabeled methionine and cysteine. CPY was immunoprecipitated
from labeled extracts and resolved by SDS-PAGE. The quantity of pl CPY and
total CPY were determined with a phosphorimager. Conversion of pl CPY to
the p2 and M forms gives the rate of transport out of the ER. (C) Expression of
Gap1p in sec13-1 was determined by [-galactosidase expression from a gapl-
lacZ reporter fusion (pMS29) in isogenic wild type (CKY522) and secl3-1
(CKY523) strains grown in ammonia medium at 240C. (D) Gaplp-HA protein
levels in isogenic wild-type (CKY465) and sec13-1 (CKY466) strains grown in
ammonia medium at 240C, were determined by Western blotting with anti-HA
antibody. The amount of extract loaded was adjusted to give equivalent
intensities of the Gaplp-HA band.
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Figure 7. In sec13-1 mutants, Gaplp exits the ER but is not transported to the
plasma membrane. (A) Wild-type (CKY465) and secl3-1 (CKY466) strains
expressing Gapl p-HA were grown in ammonia medium at 240C, and cell
lysates were fractionated on density gradients of 20-60% sucrose containing 10
mM EDTA. Gaplp-HA and markers for different subcellular compartments were
evaluated for each fraction as described in Figure 3. (B) Wild-type (CKY465)
and sec13-1 (CKY466) strains expressing Gaplp-HA were grown in ammonia
medium at 240C, and cell lysates were fractionated on density gradients of 20-
60% sucrose containing 1 mM Mg++.
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Figure 8. Localization of Gaplp-HA by indirect immunofluorescence
microscopy in sec13-1, shr3A , and wild-type strains. Wild-type (CKY465),
secl3-1 (CKY466) and shr3A (PLY134) strains expressing Gaplp-HA from a
centromeric plasmid were grown in ammonia medium, fixed in formaldehyde,
and double-labeled with anti-HA and anti-Kar2p antibodies. Mouse anti-HA
was visualized with FITC-coupled secondary antibody and rabbit anti-Kar2p
was visualized with rhodamine-coupled secondary antibody. Magnification is
3,800X.
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Figure 9. Gaplp is transported from the Golgi to the vacuole in sec13-1
mutants.
(A) Wild-type (CKY520), secl3-1(CKY521) and sec13-1 pep4A (CKY467)
strains were at 240C to exponential phase. Cultures were labeled with [35S]
methionine and cysteine for 10 minutes and chased by the addition of an
excess of unlabeled methionine and cysteine. Gaplp-HA was
immunoprecipitated from labeled extracts, resolved by SDS-PAGE, and was
quantified using a phosphorimager. (B) Gapilp activity was assayed by the rate
of [14C] citrulline uptake in wild-type (CKY443), sec13-1 (CKY444), sec13-1
pepl2A::TRP1 (CKY455), sec13-1 end3-1 (CKY456) and sec13-1 pep4A::LEU2
(CKY457) strains. (C) Cell lysates from wild-type (CKY465), sec13-1 (CKY466)
and secl3-1 pep 2A::TRP1 (CKY468) strains were fractionated on density
gradients of 20%-60% sucrose containing 10 mM EDTA. Fractions containing
Pmalp were pooled and Gapilp-HA in these fractions was detected by Western
blotting with anti-HA antibody. The relative amount of plasma membrane in
each extract was determined by quantitation of Pmal p. For A, B, and C, all
strains were grown in ammonia medium.
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Figure 10. A model for the alternative routes of transport of Gaplp from the
late Golgi controlled physiologically by nitrogen source, and genetically by
SEC13 and PEP12. In cells grown on either ammonia or urea, Gaplp is
packaged into Golgi-derived vesicles destined for the plasma membrane. On
glutamate, or in a sec13-1 mutant, Gapi p is diverted to the vacuole. This model
is based on the idea that a specialized class of vesicle carries Gapi p to the
plasma membrane and that unregulated permeases and other plasma
membrane proteins are transported by a general class of vesicles.
Alternatively, loading of Gap1p into general secretory vesicles could be
regulated by both Secl3p and in response to nitrogen source.
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Chapter 4
Control of Gap1p Permease Sorting in the Late Secretory
Pathway of Saccharomyces cerevisiae by SEC13, LST4,
LST7, and LST8
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PREFACE
This chapter represents primarily my own work. Chris Kaiser determined that
Ist4, Ist7, and Ist8 mutants were resistant to L-2-azetidinecarboxylic acid. Steve
Bickel originally examined the ability of Ist4, Ist7, and Ist8 mutants to grow on a
variety of toxic amino acid analogs. His work has been reproduced for Figure 4.
He sequenced the LST7 gene, and performed the deletions of the LST7 and
LST8. He also cloned and sequenced the sec13-7 allele, which had been
isolated by the students of the 1995 Yeast Genetics Course at Cold Spring
Harbor Laboratories.
A modified version of this chapter has been submitted to Genetics as:
Kevin J. Roberg, Stephen Bickel and Chris A. Kaiser. Control of Gaplp
Permease Sorting in the Late Secretory Pathway of Saccharomyces cerevisiae
by SEC13, LST4, LST7, and LST8.
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ABSTRACT
secl3-1 mutants exhibit a lethal block in ER to Golgi transport at 370C,
but grow and secrete normally at 240C. We have found that auxotrophic
mutations for serine or threonine synthesis are lethal when combined with
secl3-1 at 240C. The cause of this lethality was traced to a specific defect in the
transport of a subset of amino acid permeases, including the general amino
acid permease (Gapi p). Unexpectedly, secl3-1 mutants are competent for
export of Gaplp from the ER at 240C, but are defective for the regulated delivery
of Gapl p from the Golgi to the plasma membrane. In addition, we have
identified three new genes, LST4, LST7, and LST8 that are also required for the
transport of Gap1p from the Golgi to the cell surface. Mutations in LST4, LST7
and SEC13 appear to specifically affect the activity of the nitrogen-regulated
permeases Gap1 p and Put4p, whereas mutations in LST8 affect a broad set of
amino acid permeases including Gapip and Put4p. The LST7 and LST8
genes were isolated by complementation and both encode previously
uncharacterized gene products. From its sequence, the LST8 gene encodes a
protein that is made up of six WD40 repeats and has a human homologue. Our
data suggest that LST4, LST7, and LST8 act with SEC13 in the regulated
delivery of Gaplp to the cell surface, and that human homologues of these
genes may play similar roles in mammalian cells.
159
INTRODUCTION
The Saccharomyces cerevisiae genome encodes 19 members of the
amino acid permease family (Andre, 1995, Saccharomyces Genome Database;
Cherry et al., 1997). The amino acid permeases can be divided into two
classes according to their function and regulation (Cooper, 1982). One class of
permease is active for transport of specific amino acids or chemically-related
sets of amino acids in conditions of nitrogen excess (Olivera et al., 1993). This
class of permease, which is thought to transport amino acids for use in protein
synthesis, is exemplified by the histidine permease, Hiplp (Tanaka and Fink,
1985), the basic amino acid permease, Can 1p (Grenson et al., 1966; Hoffman,
1985), and the lysine permease, Lypip (Syrchova and Chevallier, 1993). In
contrast, the general amino acid permease, Gapl p, which can transport all
amino acids (Grenson et a1.,1970; Jauniaux and Grenson, 1990), and the
proline permease, Put4p (Lasko and Brandriss, 1981; Vandenbol et al., 1989)
exhibit very low activity under conditions of nitrogen excess. The activities of
these permeases are induced as much as 1000-fold by growth on poor nitrogen
sources, and therefore they are thought to take up amino acids primarily for use
as a source of nitrogen (Grenson et al., 1970; Courchesne and Magasanik,
1983; Roberg et al., 1997).
The regulation of Gapi p as a function of the nitrogen source available in
the growth medium has been extensively studied (Grenson, 1992; Magasanik,
1992). Two transcription factors, Gln3p and Nill p/Gatl p, are positive activators
of GAP1 transcription (Stanbrough and Magasanik, 1995; Coffman et al., 1996).
On urea medium, GAP1 transcription is activated by both GIn3p and Nill p,
whereas on glutamate medium, transcription is activated by only GIn3p. (In the
S288C genetic background used here, GAP1 transcription is activated by both
GIn3p and Nillp on ammonia medium as well.) Nitrogen regulation is exerted
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through the action of Ure2p, which inhibits GIn3p in cells grown on glutamine
(Blinder et al., 1996). A corresponding negative regulator of Nillp has not yet
been identified. Gaplp activity is also regulated post-translationally, as can be
seen by comparison of cells grown on glutamate to cells grown on urea or
ammonia. Although, Gaplp protein levels are similar in all three nitrogen
sources, Gaplp permease activity is 100-fold lower on glutamate than on urea
or ammonia medium (Stanbrough and Magasanik, 1995; Roberg et al., 1997).
We have investigated this post-translational regulation of Gapi p activity by
evaluating the intracellular location of Gaplp protein in cells grown on different
nitrogen sources. We found that in cells grown on either ammonia or urea
medium, Gapilp is transported from the Golgi to the plasma membrane,
whereas in cells grown on glutamate medium Gaplp is transported from the
Golgi to the vacuole (Roberg et al., 1997). Thus, the regulation of Gap lp
permease activity is a direct consequence of regulated protein sorting in the late
secretory pathway.
In this paper we characterize four genes that are required for the
regulated transport of Gaplp from the Golgi to the plasma membrane. These
genes were identified through a screen for mutations that exhibit synthetic-lethal
interactions with sec13, a gene which was originally characterized as acting in
the formation of ER-to-Golgi transport vesicles (Novick et al., 1981; Kaiser and
Schekman, 1990), and which encodes a component of the COPII ER vesicle
coat (Pryer et al., 1993; Barlowe et al., 1994). Although the original purpose of
the synthetic-lethal screen was to identify new factors involved in vesicle
formation at the ER, three of the nine LST (Lethal with SEC-THIRTEEN) genes
were found to encode enzymes required for either serine or threonine
synthesis. We were able to trace the underlying cause of this synthetic lethality
with secl3-1 to an unanticipated role of Secl3p in amino acid uptake. In
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particular, we found that certain alleles of SEC13 prevent transport of Gapi p
from the Golgi to the plasma membrane. Furthermore, we found three of the
other LST genes, LST4, LST7, and LST8, appear to have a function similar to
that of SEC13 in the trafficking of Gap1 p and Put4p to the plasma membrane.
Together, these findings have opened the way to study the genetic control of
nitrogen-regulated transport of amino acid permeases in the late secretory
pathway.
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MATERIALS AND METHODS
Strains, Media, and Microbiological Techniques
All of the yeast strains listed in Table I are of the S288C genetic
background. S288C strains carry a recessive allele at the perl locus and
therefore express high levels of Gapl p and Put4p permeases when grown on
ammonia (Courchesne and Magasanik, 1983). Rich medium (YPD) and
minimal medium (SD) were prepared according to Kaiser et al., 1994. Nitrogen
free media (SFD) was prepared as for SD, but ammonium sulfate was omitted.
Genetic manipulations were performed according to the protocols described in
Kaiser et al., (1994).
Plasmids and DNA Manipulations
The plasmid, pKR1, is the vector pRS316 (SIKORSKI and HEITER 1989)
carrying the SEC13 gene. pKR4 is the vector pRS315 carrying both the SEC13
and ADE3 genes. pPL257 is the vector pRS316 with the GAP1 gene tagged
with the HA1 epitope (LJUNGDAHL et al. 1992).
p52-7 and p52-11 were isolated from a genomic library in pCT3
(THOMPSON et al. 1993) as clones that complemented Ist7. pSB19 and pSB20
carry the 3.0-kb BamHI fragment from p52-11, inserted in opposite orientations
into the vector pRS316. The vector for integration at the LST7 locus (pSB25)
was constructed by inserting into the polylinker of pRS305 both the 1.8-kb Eagl-
BamHI fragment from pSB20, which contains sequences immediately 3' of the
LST7 gene, and the 0.9-kb BamHI-Nsil fragment from pSB19, which contains
sequences immediately 5' of LST7. These fragments are oriented such that
when pSB25 is linearized by cleavage at the BamHI site homologous
recombination with the chromosome will replace the genomic LST7 gene by
pRS305 sequences.
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p57-2 and p57-6 were isolated from a genomic library in pXYES
(ELLEDGE et al. 1991) as clones that complemented Ist8. The 1.6-kb Xhol
fragment from p57-2 that carries the LST8 coding sequence was inserted into
pRS316 to generate (pKR16) and into pRS305 to generate pKR22. The
genomic sequences in pKR16 also contain a portion of the SIS1 gene. To
eliminate the possible involvement of SIS1 in the complementation of Ist8,
pKR60 was constructed by insertion of a 1.7-kb PCR product, containing only
the LST8 gene with flanking noncoding DNA, into pRS316 at the Kpnl and Xhol
sites. p57-6 was the template and the PCR primers were 5'-GGC TCG AGT ATT
TTG TCG CGC AAG TAG C-3' and 5'-GGG GTA CCG TCT CCT TGA CCA TTA
TTA G-3'. A deletion of the chromosomal LST8 gene was constructed by one-
step gene disruption using a DNA segment generated by PCR (LORENZ et al.
1995). The DNA segment used to generate the Ist8A::URA3 gene disruption
was constructed using the URA3 gene from pRS316 as a template and PCR
primers containing sequences that flank the LST8 coding sequence: 5' CTC
GAA CTA CCT TGG CAA GGA GTT TGT GCT GAC AGT GGT TGC TGT GCG
GTA TTT CAC ACC G 3', and 5' CTA TTT TGT CGC GCA AGT AGC TAA ACC
TTT CGT CTA CAC GAA ACA GAT TGT ACT GAG AGT GCA C 3'.
Assays for amino acid uptake
Strains to be assayed were cultured in SD medium to 1.6 x 107cells/ml.
Cells were collected by filtration on 0.45 gM nitrocellulose filters (Millipore
Corporation, Bedford, MA) and suspended in SFD medium. Cell density was
adjusted according to the amino acid and strain being assayed so that the rate
of uptake was linear during the assay. To initiate the assay, [14C]-radiolabeled
amino acid was added to a final concentration of 4 gM. At five, 30 second
intervals 100 p1 samples were removed and cells were collected by filtration
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through a #30 glass fiber filter (Schleicher and Schuell, Keene, NH) and
washed with chilled water. The intracellular labeled amino acid was
determined by liquid scintillation counting. The velocity of uptake for a given
amino acid and strain was determined for two independent samples. The
specific activities of the amino acids used were 312 mCi/mmol for histidine, 125
mCi/mmol for, arginine, lysine, proline, serine and threonine, and 57.7
mCi/mmol for citrulline. Labeled amino acids were obtained from: Amersham,
Arlington Heights, IL; NEN, Dupont, Boston, MA; and Moravek Biochemicals,
Inc., Brea, CA.
Isolation of the sec13-7 allele
The alleles sec13-1, sec13-4, and sec13-5, which have been described
previously, were all identified as temperature-sensitive secretion mutations
(Pryer et al., 1993). In an effort to identify new classes of SEC13 mutations, we
designed a screen for new SEC13 alleles that gave resistance to L-2-
azetidinecarboxylic acid. The pKR4 plasmid, which carries a wild-type copy of
SEC13, was mutagenized by treatment with hydroxylamine and then
transformed into E. coli to generate a mutant library (Kaiser et al., 1994). The
mutagenized plasmids were introduced into CKY480 (ura3, leu2, sec13A
[pKR1]) by a plasmid shuffle (Boeke et al., 1987). Mitotic segregants that had
lost pKR1 were selected by replica plating the transformants on SD medium
supplemented with 5-flouro-orotic acid. The resulting strains, whose only copy
of the SEC13 gene was on a mutagenized pKR4 plasmid, were then replica
plated to SD plates containing 50 mg/I L-2-azetidinecarboxylic acid (Sigma, St
Louis MO.) to screen for resistance. The SEC13 alleles on plasmids that
conferred L-2-azetidinecarboxylic acid-resistance were sequenced using the
Sequenase protocol (USB, Cleveland, OH) and synthetic oligonucleotide
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primers. The sec13-7 allele, thus identified, has a single G to A transition that
changes Cys27 to Tyr. The sec13-7 allele was introduced into its normal
chromosomal locus by two-step gene replacement (Rothstein, 1991). First,
plasmid pRS306, bearing sec13-7, was integrated at the SEC13 locus by
cleavage of plasmid DNA with Eagl. CKY453 (sec13-7) was then generated by
excision of the integrated plasmid by homologous recombination as selected by
growth on 5-fluoro-orotic acid.
Plate Assay for Resistance to Toxic Amino Acid Analogs
Different strains were cultured overnight in SD medium at 240 and were
harvested by centrifugation while in exponential growth. Cell concentration was
measured by light scattering and a fixed number of cells were spotted onto solid
SD medium containing a given amino acid analog. Growth was scored after
incubation for two to four days at 240. The analog concentrations were: 50 mg/I
L-2-azetidinecarboxylic acid; 225 mg/I 2-aminoethyl-L-cysteine; 250 mg/I 4-aza-
DL-leucine; 10 mg/I p-chloro-D,L-alanine; 1 mg/I L-canavanine; 30 mg/I D,L-
ethionine; or 40 mg/I p-fluoro-D,L-phenylalanine. All analogs were purchased
from Sigma. The extent of growth was also dependent on the density of plated
cells. The plated cell densities in cells per mm2 for each analog were: 1.8 x 103
(L-2-azetidinecarboxylic acid); 5.4 x 102 (2-aminoethyl-L-cysteine); 5.4 x 102 (4-
aza-DL-leucine); 1.8 x 103 (p-chloro-D,L-alanine); 7.2 x 102 (L-canavanine); 5.4
x 102 (ethionine); 5.4 x 102 (p-fluoro-D,L-phenylalanine).
Western Blotting, and Antibodies
Proteins were resolved by SDS-PAGE and western blotting was
performed using standard methods (Laemmli, 1970; Harlow and Lane, 1988).
Antibodies were used as follows: anti-HA antibody, 12CA5, (BabCO, Richmond,
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CA) at 1:1000 dilution; rabbit anti-Sec61p at 1:1000 dilution; rabbit anti-Pmalp
(gift of A. Chang) at 1:500 dilution; and HRP-coupled sheep anti-rabbit and
HRP-coupled sheep anti-mouse (both Amersham Corp.) both at 1:10,000
dilution. Blots were developed by chemiluminescence using the ECL kit
(Amersham).
Cell Fractionation and Equilibrium Density Centrifugation
Cell organelles were fractionated on equilibrium density gradients as
has been described previously (KIlling and Hollenberg, 1994; Roberg et al.,
1997). Cells were grown exponentially, collected by centrifugation, and
disrupted by rigorous vortexing with glass beads in 500 gI1 of STE10 (10% [w/w]
sucrose, 10 mM Tris-HCI (pH 7.6), 10 mM EDTA) with protease inhibitors (1 mM
PMSF, 0.5 mg/ml leupeptin, 0.7 mg/ml pepstatin [Boeringer Mannheim
Biochemicals, Indianapolis, IN]). After lysis, 1 ml STE10 was added and the
extract was centrifuged at 300g for two minutes to clear cell debris. 300 pl1 of the
cleared extracts were layered onto a 5 ml, 20-60% linear sucrose gradient
made up in TE. Gradients were centrifuged for 18 hours at 100,000g. 300 pIl
fractions were collected from the top of the gradient and GDPase activity was
assayed by standard methods (Abeijon et al., 1989). Protein was precipitated
by adding deoxycholate to 0.015% and trichloroacetic acid to 7.2%. Protein
was pelleted and reprecipitated with acetone. Protein pellets were dried and
suspended in 2X sample buffer (4% sodium dodecyl sulfate, 0.1 M Tris-HCI [pH
6.8], 4 mM EDTA, 20% glycerol, 2% 2-mercaptoethanol, 0.02% bromophenol
blue). Gaplp-HA, Pmalp, and Sec61lp were detected by western blotting and
quantified using a Scan Jet 4C (Hewlett Packard, Boise, Idaho) and IPLab Gel
software (Molecular Dynamics, Sunnyale, California).
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Immunofluorescence Microscopy
Gapl p-HA and Kar2p were visualized by indirect immunofluorescence
using standard methods described previously (Pringle et al., 1991; Roberg et
al., 1997). Strains were grown in SD medium to a density of 3 x 106 cells/mi.
After fixation in 3.7% formaldehyde for one hour, cells were pelleted by
centrifugation, washed in 100 mM potassium phosphate (pH 7.2), and
spheroplasted by lyticase treatment. Primary and secondary antibodies were
used at the following dilutions: 12CA5 monoclonal antibody, 1/5000 (BAbCO,
Richmond, CA); anti-Kar2p poly-clonal antibody, 1:1000 (a gift from M. Rose,
Princeton University, New Jersey); FITC-coupled goat anti-mouse IgG, 1/200
(Boehringer Mannheim Biochemicals); rhodamine-coupled donkey anti-rabbit
IgG, 1/200 (Amersham Life Science Inc.). Samples were viewed with a Zeiss
axioscope equipped for epifluorescence (Carl Zeiss, Thornwood, NY), and
images were recorded with Kodak T-Max 400 film (Eastman Kodak Co.,
Rochester NY).
Cloning of LST7 and LST8
The LST7 and LST8 genes were cloned by complementation of the Ist7
sec13-1, and Ist8 secl3-1 synthetic-lethal phenotypes by screening for
plasmids that could restore colony sectoring to mutant strains carrying pKR4.
Plasmids identified by this screen were shown to complement both the Ist
secl3-1 synthetic lethality and the L-2-azetidinecarboxylic acid-resistance
phenotype. Complementing clones were subcloned into pRS316 (Sikorski and
Heiter, 1989), and the minimal complementing region was determined. For
LST7, two plasmids were isolated that were capable of rescuing the Ist7
phenotypes. The minimal complementing region was defined by generating a
nested series of deletions (Henikoff, 1984). These clones were then used to
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sequence both strands using the Sequenase protocol (USB, Cleveland, OH).
For LST8, a minimal, 1.6-kb region of overlap was found in the eight
complementing library clones. DNA sequence obtained from this region
revealed it carried a segment of Chromosome XIV with the complete ORF,
YNLOO6w (The Saccharomyces Genome database, Cherry et al., 1997). The
fragment also contained the first 70 codons of the neighboring gene SIS1 (Luke
et al., 1991). To eliminate the possibility that complementation was due to the
truncated SIS1 gene, a fragment containing YNLOO6w and the flanking non-
coding DNA, but without SIS1, was generated using the polymerase chain
reaction. This fragment in the centromere vector pRS316 complemented the
Ist8 phenotypes.
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RESULTS
LST3, LST5 and LST9 are SER2, THR4 and HOM6
As described in Chapter 2, the majority of the LST genes identified in the
secl3 synthetic-lethal screen exhibited lethality only with secl3 mutations, and
not with mutations in other COPII genes. This specificity of interaction
suggested that a function unique to SEC13 not shared by the other COPII
genes had been revealed. To initiate an investigation of the LST genes that
interacted only with SEC13, we cloned LST5 by complementation of the cold
sensitivity that we had observed to be a property of Ist5 mutations. Three
complementing clones with overlapping restriction maps were isolated.
Sequence analysis revealed that the clones contained THR4, the gene for
threonine synthetase (Aas and Rognes, 1990; Ramos and Calderon, 1994). We
found that all five Ist5 mutants required threonine for growth and failed to
complement a thr4 mutation for growth on minimal medium. Furthermore, a
cross between a known thr4 mutant and a sec13-1 mutant confirmed that the
secl3-1 thr4 double mutants were inviable. Together these results confirm that
Ist5 mutations are in fact alleles of THR4.
By testing all of the Ist complementation groups for their amino acid
requirements, we found that Ist9 strains required both threonine and methionine
for growth. Complementation tests showed that Ist9 mutations are alleles of
HOM6, a gene required for both the threonine and methionine biosynthetic
pathways (Ulane and Ogur, 1972). Similarly, Ist3 strains required serine for
growth and complementation tests with known mutations in the serine
biosynthetic pathway revealed that Ist3 mutations were alleles of SER2 (de
Robichon-Szulmajster et al., 1966).
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SEC13 is required for the activity of a subset of amino acid
permeases
The lethality of sec13-1 with amino acid auxotrophic mutations indicated
a possible connection to the proper function of amino acid permeases, because
a combined failure both to synthesize and to take up a particular amino acid
would prevent growth (Grenson, 1966; Grenson et al., 1970). An effect of
sec13-1 on amino acid uptake was confirmed by assays for the rate of uptake of
[14C] threonine and [14C] serine. The rate of threonine uptake in a sec13-1
mutant at 240 was 50-fold lower than that of an isogenic wild-type strain, and the
rate of serine uptake was 30-fold lower (Figure 1).
Because S. cerevisiae possesses many amino acid permeases with
overlapping substrate specificities, we sought to determine more precisely
which permeases were affected by sec13-1. The general amino acid
permease, Gap1p, which can transport most amino acids, can be specifically
assayed by uptake of [14C] citrulline (Grenson et al., 1970; Jauniaux and
Grenson, 1990). The rate of citrulline uptake for a secl3-1 strain was 50-fold
lower than for a wild-type strain, demonstrating that Gapi p activity was severely
compromised by the sec13-1 mutation (Figure 1). We next examined the
activity of the proline permease Put4p. The rate of [14C] proline uptake was 20-
fold lower in a sec13-1 strain than in wild-type. Because proline can be
transported by both Put4p and Gapi p, we compared proline uptake in sec13-1
and gaplA mutant strains. Only a small fraction of the reduction in proline
uptake in the sec 3-1 mutant could be attributed to loss of Gapi p function
indicating that both Put4p and Gap1 p are severely impaired by the sec13-1
mutation (Figure 1).
Transport of other labeled amino acids were similarly assayed in both
sec13-1 and gaplA mutants. The uptake of arginine, lysine, and histidine, were
171
not specifically affected by the secl3-1 mutation (the small effect on lysine
uptake could be attributed to the Gaplp defect) (Figure 1). Furthermore, the
effect of secl3-1 on serine uptake, could be entirely attributed to the effect of
seci3-1 on Gapip. The effect of secl3-1 on threonine uptake was about three-
fold greater than that of gap 1A, indicating that a threonine-specific permease
was also affected in the sec13-1 mutant (the gene for a threonine-specific
permease has not yet been defined). Based on these results, the sec13-1
mutation did not appear to affect the activities of Can 1p, Lypl p, Hipi p or a
serine specific uptake system. Additional experiments assaying leucine and
tryptophan uptake demonstrated that activity of the permeases specific for these
amino acids were also not affected by the sec13-1 mutation (data not shown).
These data indicated that the effect of secl3-1 on amino acid uptake was
specific for Gaplp, Put4p, and a threonine permease.
Not all secl3 mutations affect permease function.
All of the known alleles of SEC13 had been identified by temperature-
sensitive mutations that blocked transport of all proteins from the ER at the
restrictive temperature. We developed a plate assay for new SEC13 alleles that
were specifically defective for permease function using the toxic proline analog
L-2-azetidinecarboxylic acid. Mutations in the PUT4 gene have previously been
found to confer resistance to this analog (Lasko and Brandriss, 1981). We
found that secl3-1 mutants also showed resistance to L-2-azetidinecarboxylic
acids as would be expected from their greatly reduced rate of proline uptake
(see Figure 4). To generate new SEC13 alleles, a plasmid-borne copy of
SEC13 was mutagenized by hydroxylamine and introduced into a secl3A
strain by plasmid shuffling. Two isolates of secl3-1 and four new sec13 alleles
were identified by screening for transformants that could grow on plates
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containing L-2-azetidinecarboxylic acid (Bickel, 1996). The mutations were
then introduced into the chromosome by two-step gene replacement to evaluate
their effects on permease function and on growth. All four of the new secl3
mutants had greatly reduced Put4p and Gapip activities, and were at least
partially temperature sensitive for growth. The least temperature-sensitive of
the new alleles (sec13-7) was characterized along with three of the previously
identified alleles (secl3-1, sec13-4, and sec13-5).
To determine whether the effect of sec13 mutations on Gaplp activity
was allele-specific, citrulline uptake was assayed in strains carrying different
alleles of sec 13. Strains carrying sec13-1, sec13-5, or sec13-7 alleles, had
greatly reduced Gaplp activity at 240, whereas no defect in citrulline uptake
was detected for the sec13-4 mutant (Figure 2). For each of the secl3 alleles,
transport of the marker proteins invertase and carboxypeptidase Y from the ER
was assayed at different temperatures and we found that the temperature at
which a transport defect appeared, corresponded closely to the temperature
where growth was impaired (data not shown). We therefore have used growth
rate as a rough measure of ER-to-Golgi transport for each mutant. We
compared each of the secl3 alleles for both temperature sensitivity and Gap1 p
activity and found that the degree to which each of these two properties was
affected by the different alleles was not correlated (Figure 3). For example,
although the sec 3-7 mutation was less restrictive for growth than sec13-4,
sec13-7 gave more than a 200-fold reduction in Gap1p activity, whereas sec13-
4 had no effect on Gapip activity. Moreover, Gapip activity for sec13-4 mutant
was found to be the same as for wild-type even at 340, a temperature close to
that restrictive for growth (data not shown). Thus, the function of SEC13 needed
for Gap1 p activity and the essential function needed for ER-to-Golgi transport
appeared to be distinct.
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COPII mutants other than secl3 do not compromise Gap1p activity
Citrulline uptake was assayed in sec 12, sec 16, sec23 and sec31 mutants.
None of these mutations significantly affected Gapi p activity at 240, a
temperature permissive for growth of these mutants (Figure 3). We have also
found that all of the alleles of SEC12, SEC16, SEC23, SEC24 and SEC31 in
our strain collection show the same sensitivity to L-2-azetidinecarboxylic acid as
wild-type, indicating the absence of a defect in Put4p activity. These findings
led to the conclusion that SEC13 was unique among the COPII genes in its
selective effect on Gaplp and Put4p function. However, we could not exclude
the possibility that different alleles of these COPII genes, which have not yet
been identified, could exhibit defects in Gapl p and Put4p activity.
LST4, LST7, and LST8 genes are required for the activity of a
subset of permeases
We considered the possibility that some of the LST genes that were not
involved in amino acid synthesis might have an effect on amino acid
permeases. As a preliminary assay for effects on permease function we used
resistance to L-2-azetidinecarboxylic acid to indicate a possible defect in proline
uptake. Mutants in all of the LSTcomplementation groups were tested for
growth on medium containing L-2-azetidinecarboxylic acid, and Ist4, Ist7, and
Ist8 mutants were found to be as resistant as sec13-1, indicating that these
mutants also had reduced Put4p activity (Figure 4). In crosses to the secl3-1
parent strains (CKY423 and CKY424) resistance to L-2-azetidinecarboxylic acid
cosegregated with the nonsectoring phenotype. Resistance to L-2-
azetidinecarboxylic acid was then used to follow these Ist mutations through
backcrosses to create a set of isogenic strains for further phenotypic analyses.
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To determine whether Ist4-1, Ist7-1, and Ist8-1 mutations affected a
similar set of permeases as secl3-1, we tested the growth of these mutants on a
variety of toxic amino acid analogs (Figure 4). Growth was compared to that of
wild-type, gap 1A, and shr3A strains. SHR3 is required for the transport of most
of the amino acid permeases out of the ER (Ljungdahl et al., 1992), and we
therefore expected the shr3A mutant to be resistant to many toxic amino acid
analogs. Growth on the following analogs was examined: 4-aza-DL-leucine,
which appeared to be transported by Gaplp (Figure 4); p-chloro-D,L-alanine, a
threonine analog (Arfin and Koziell, 1971); D,L-ethionine, a methionine analog
(Sorsoli et al., 1964); L-canavanine, which is transported by the arginine
permease, Canlp (Grenson et al., 1966; Hoffman, 1985); 2-aminoethyl-L-
cysteine, which is transported by the lysine permease, Lyplp (Grenson, 1966);
and p-fluoro-D,L-phenylalanine, a possible tyrosine or phenylalanine analog.
The minimum concentration of each analog in solid medium needed to inhibit
the growth of wild-type was used for growth tests. The gap 1A mutant was only
resistant to 4-aza-DL-leucine, whereas the shr3A mutant was resistant to all of
the analogs with the exception of p-chloro-D,L-alanine (Figure 4). sec13-1, Ist4-
1, and Ist7-1 mutants were resistant to 4-aza-DL-leucine and L-2-
azetidinecarboxylic acid, consistent with a reduction in both Gaplp and Put4p
activities. In addition, sec13-1 was somewhat resistant to p-chloro-D,L-alanine,
consistent with the reduced rate of threonine uptake in sec13-1 mutants (Figure
1). The Ist8 mutant was resistant to a broader spectrum of analogs which
included 4-aza-DL-leucine, L-2-azetidinecarboxylic acid, p-chloro-D,L-alanine,
D,L-ethionine, and L-canavanine. Based on these results, Ist8 appeared to
reduce the activities of Gap1p, Put4p, Canlp, a methionine permease, and a
threonine permease. The secl3-1, Ist4-1, Ist7-1, and Ist8-1 mutations did not
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appear to significantly affect sensitivity to the lysine analog 2-aminoethyl-L-
cysteine or to p-fluoro-D,L-phenylalanine.
The effects of the Ist4-1, Ist7-1, and Ist8-1 mutations on the activities of
Gapip, Put4, and Lypip were assayed directly by measurement of uptake of
[14C] amino acids. Gapip activity for Ist4-1, Ist7-1, and Ist8-1 mutants was more
than 300-fold lower, and Put4p activity was more than 30-fold lower than for
wild-type. The Ist4-1, Ist7-1, and Ist8-1 mutants also exhibited defects in lysine
uptake, but comparison to the reduced rate of lysine uptake in a gap ld strain
indicated that the defect in lysine uptake could be attributed to the reduced
Gaplp activity in these mutants. Together, the amino acid uptake studies, and
the tests for resistance to toxic amino acid analogs, indicated that SEC13,
LST4, and LST7 were required for the activity of Gaplp and Put4p, and that
LST8 was required for the activity of a more extensive set of permeases.
Gaplp is absent from the plasma membranes of Ist4, Ist7, and Ist8
mutants
We have found that transport of Gaplp from the Golgi to the plasma
membrane is regulated according to nitrogen source (Roberg et al., 1997).
Cells grown on ammonia have 100-fold more Gaplp activity than cells grown
on glutamate even though both express similar amounts of Gaplp protein. The
difference in activity results from regulated sorting of Gapilp in the trans-Golgi:
in cells grown on ammonia, Gaplp is transported from the Golgi to the plasma
membrane, whereas in cells grown on glutamate, Gapip is transported from the
Golgi to the vacuole via the prevacuolar compartment. We found that Gapl p
transport in secl3-1 mutants grown on ammonia, resembles that of wild-type
cells grown on glutamate, and Gaplp is transported to the vacuole instead of to
the plasma membrane (Roberg et al., 1997). These findings indicated that
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SEC13 functions in the late secretory pathway to permit nitrogen regulated
delivery of Gap1 p to the plasma membrane.
The defect in Gap1p activity in Ist4-1, Ist7-1, and Ist8-1 mutants,
suggested that these genes might also be required for proper sorting of Gaplp
in the late secretory pathway. We evaluated the intracellular localization of
Gaplp in these mutants by cell fractionation. Strains expressing as their only
copy of GAP1 an epitope-tagged version of the gene (Gaplp-HA) were grown
on ammonia medium at 240. Crude cell lysates were prepared from these
cultures, and the membranes were fractionated on equilibrium density
gradients. Gaplp-HA from wild-type cells fractionated in two peaks: one of
lower buoyant density that coincided with Sec61lp (ER) and GDPase (Golgi),
and the other that coincided with the plasma membrane ATPase (Pmal p). As
was found previously for secl3-1 (Roberg et al., 1997), Gapl p-HA from Ist4-1,
Ist7-1, and Ist8-1 mutants was absent from the plasma membrane fractions and
resolved in a single peak that coincided with the ER and Golgi fractions (Figure
6).
By immunofluorescence microscopy of Ist4-1, Ist7-1, and Ist8-1 mutants,
Gaplp-HA staining was mostly localized to punctate bodies at the cell periphery
and little staining was observed in the perinuclear region where the ER marker
Kar2p was located (Figure 7). This staining pattern was similar to that of wild-
type and sec13-1 mutants, and was distinct from the mostly perinuclear ER
staining pattern observed for Gapl p-HA in shr3A cells. Thus, in Ist4, Ist7, and
Ist8 mutatnts, most of Gapl p-HA appeared to exit the ER, but did not appear to
reach the plasma membrane.
A third criterion that we have developed to define the step in Gaplp
transport that is affected by sec13-1 is suppression by a pep12 deletion. PEP12
encodes a putative t-SNARE required for protein trafficking from the trans-Golgi
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to the prevacuolar compartment (Becherer et al., 1996). The pep 12A mutant
blocks transport of a number of different soluble and membrane proteins from
the Golgi to the vacuole, but does not greatly impair growth on ammonia
medium. Although Gaplp is transported from the Golgi to the vacuole in a
secl3-1 mutant, a block in transport from the Golgi to the prevacuolar
compartment imposed by pep 12A can restore Gapilp transport to the cell
surface (Roberg et al., 1997). We examined the ability of pep 12 to supress the
defects of Ist4- 1, Ist7- 1, and Ist8- 1. The pep 12 deletion partially suppressed the
defect in Gap1 p activity caused by all three mutations: Ist4-1 pep 12A double
mutants had 55-fold higher activity than Ist4-1 single mutants, Ist7-1 pep 12A
double mutants had 20-fold higher activity than Ist7-1 single mutants, and Ist8-1
pep 12A double mutants had 4-fold higher activity than Ist8-1 single mutants.
The relative effect of the pep 12A mutation on Ist4 and Ist7 mutants was similar
to the effect on secl3-1: in a secl3-1 pep12A double mutant Gaplp activity is
26-fold higher than in a sec13-1 single mutant. The relatively poor suppression
of the Ist8-1 mutation by pep 12A could be a consequence of the relatively
severe amino acid permease defects that we have detected for the Ist8-1
mutation. The Gaplp defects of gaplA and shr3 mutants were not suppressed
by the deletion of the PEP12 gene, showing that suppression by pep 12A was
specific for mutations that affect Gap1 p transport late in the secretory pathway.
These data, together with the localization studies of Gap1 p described above,
implicate LST4, LST7, and LST8 in the regulated transport of Gaplp from the
Golgi to the plasma membrane.
Isolation of the LST7 gene
The LST7 gene was isolated by complementation of the lethal interaction
of Ist7 mutants with sec13-1 as detected by the colony sectoring assay. A
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genomic library constructed in the centromere vector pCT3 (Thompson et al.,
1993) was screened for plasmids that would restore sectoring to the
nonsectoring Ist7 strain CKY432. Two complementing plasmids (p52-7 and
p52-11) with overlapping restriction maps were identified and were shown to
also complement the recessive L-2-azetidinecarboxylic acid resistance of Ist7
mutants. The plasmid pSB20, which carries a 3.0-kb fragment from p52-11,
was sufficient to complement all of the phenotypes of Ist7 mutant strains.
Deletions within the insert from pSB20 defined a 1.25-kb segment that fully
complemented the Ist7 mutation. The fragment was sequenced and was found
to contain a single open reading frame encoding 246 amino acids. Overall, the
sequence of Lst7p is hydrophillic, without obvious signal sequences,
transmembrane domains, or other distinguishing characteristics. The LST7
gene corresponds to the open reading frame YGR057c located on
Chromosome VII (Saccharomyces Genome Database, Cherry et al., 1997).
To demonstrate that YGR057c corresponded to the LST7 locus, a
deletion of the open reading frame was constructed by subcloning DNA
fragments that flank YGR057c into the integrating, LEU2 vector pRS305. The
resulting plasmid (pSB25) was linearized within the insert at the BamHI site and
transformed into a wild-type diploid strain (CKY348). Plasmid integration
results in the replacement of LST7 with pRS305 sequences. When the
heterozygous diploid was sporulated most tetrads gave four viable spore-
clones, indicating that the gene was not essential for growth. Resistance to L-2-
azetidinecarboxylic acid segregated 2:2 in these tetrads and showed complete
linkage to LEU2. These Leu+ , L-2-azetidinecarboxylic acid-resistant
segregants were in turn crossed to a Ist7 mutant and L-2-azetidinecarboxylic
acid-resistance segregated 4:0, demonstrating complete linkage of the cloned
locus and LST7.
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Isolation of the LSTB8 gene
The LST8 gene was also isolated by using colony sectoring to assay for
complementation of the lethal interaction of Ist8-1 mutants with sec13-1. The
nonsectoring Ist8 strain CKY433 was transformed with a genomic library
constructed in the centromere vector pXYES (Elledge et al., 1991). Eight
complementing plasmids that restored sectoring to the Ist8 strain were found to
have overlapping restriction maps. A 1.6-kb fragment covering the smallest
region common to all eight genomic inserts also complemented the Ist8-1
mutation. The DNA sequence of the ends of this fragment was used to place
the sequence on the S. cerevisiae genomic sequence. This segment
contained a region of Chromosome XIV with a single complete open reading
frame, YNL006w, and a portion of the SIS1 gene (Luke et al, 1991). A 1.7-kb
fragment containing only the YNL006w open reading frames was subcloned
into pRS316. The resulting plasmid, pKR60, was shown to complement Ist8-1
in the colony sectoring assay and to complement the resistance to toxic amino
acid analogs exhibited by Ist8-1.
Gene integration confirmed that this chromosomal region indeed
contained the LST8 locus. An integrating URA3 vector carrying YNLOO6w
(pKR22) was used to mark the chromosomal locus by integrative transformation
into CKY423 (MATa secl3-1 ade2-101 ade3-24 leu2-3, 112 ura3-52 [pKR4]).
When the resulting strain was crossed to the Ist8-1 sec13-1 strain CKY432
(MATa Ist8-1 secl3-1 ade2 ade3 leu2-3, 112 ura3-52 [pKR4]), all sectoring
spore clones were Ura+ in 24 tetrads examined, demonstrating tight linkage of
YNLOO6w to LST8.
A search of the Genbank data base with the protein sequence of LST8 by
the BLAST algorithm (http://www.ncbi.nlm.nih.gov /BLAST/), revealed LST8 was
similar to proteins containing WD-repeat sequences (Figure 10A). The WD-
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repeat is characterized by a set of conserved residues within a repeat length of
about 40 amino acid residues (van der Voorn and Ploegh, 1992). The G protein
01 subunit contains six WD-repeats which fold into a cylindrical n-propeller
structure (Wall et al., 1995; Sondek et al., 1996). Drawing analogy to the the Pl
subunit we assume that Lst8p also has a p-propeller structure.
A search of the Genbank data base of expressed sequence tags (dbEST)
identified many human and mouse EST sequences with striking homology to
LST8. Four EST sequences derived from human cDNAs were spliced together
using ovelapping segments of DNA sequence identity to construct a composite
human sequence that appears to contain the full sequence of the encoded
protein (Figure 10B). The yeast and human proteins share 47% amino-acid
identity over their entire length and the regions of similarity were not restricted to
elements of the WD-repeats. The high degree of similarity between the yeast
and human proteins indicates that they likely perform similar cellular functions.
The chromosomal LST8 gene was deleted by gene-replacement with a
PCR generated fragment containing the URA3 gene flanked by 40 bp of
sequences derived from the ends of LST8. Transformation of the diploid strain
CKY348 with this fragment replaced one copy of the LST8 gene with the URA3
gene. Tetrad analysis of spores from this heterozygote showed inviability
segregated 2:2, and that all surviving spores were Ura-, indicating that the
marked replacement was lethal in haploids and that LST8 was essential for
growth.
181
DISCUSSION
The SEC13 gene encodes an essential component of COPII-coated
vesicles, which bud from the ER, and temperature-sensitive alleles of SEC13
block ER-to-Golgi transport of all known secretory proteins (Novick et al., 1981;
Kaiser and Schekman, 1991; Barlowe et al., 1994). This report describes a
second unanticipated function for SEC13 in the transport of particular amino
acid permeases from the Golgi to the plasma membrane. In an effort to identify
new genes involved in the budding of COPII-coated vesicles, we designed a
genetic screen based on the expectation that enhancers of the defect of the
sec13-1 missense mutation would lie in genes that were themselves involved in
ER-to-Golgi transport. This screen revealed that secl3-1 is lethal in
combination with auxotrophic mutations for serine or threonine synthesis. Re-
examination of secl3-1 mutants at the permissive temperature of 240, showed
that the activity of Gaplp (citrulline uptake) and Put4p (proline uptake) were
dramatically reduced in these mutants. Gaplp in turn is the chief means of
cellular uptake of serine and threonine from the extracellular medium, and a
threonine auxotroph that also harbors a sec13-1 mutation can not grow
presumably because the cell can neither synthesize threonine, nor take up
threonine efficiently. Assay of the rate of uptake of a number of different amino
acids demonstrated that the effect of secl3-1 on permease activity is quite
specific. The activities of Gaplp and Put4p are both greatly reduced, whereas
the activities of Can 1 p, Hipi p, Lyp1 p and the leucine and tryptophan
permeases are not significantly affected.
The secl3-1 mutation can now be considered to exhibit two clearly
distinguishable traits. At temperatures above 320, sec13-1 mutants exhibit a
lethal block in all protein transport from the ER to the Golgi. At 240, sec13-1
mutants grow and secrete marker proteins as well as wild-type, but because
182
these mutants fail to transport Gaplp from the Golgi to the plasma membrane
they have more than a 50-fold reduction in Gaplp permease activity (Roberg et
al., 1997). We have investigated the relationship between these two traits by
comparing different SEC13 alleles. We have examined the three previously
isolated alleles, secl3-1, sec13-4, and sec13-5 (Pryer et al., 1993), as well as a
new allele, sec13-7, isolated here by its effect on Put4p activity. We have found
that while a sec13-4 mutant does not have any effect on Gapi p activity even
when grown close to its restrictive temperature, an isogenic sec13-7 mutant
shows more than a 200-fold reduction in Gapilp activity 140 below its restrictive
temperature. These allelic differences provide strong evidence that SEC13
performs two genetically separable and independent functions in the early and
late steps of the secretory pathway.
We have also examined the LST genes, identified by their synthetic-
lethal interaction with sec13-1, for their possible involvement in amino acid
permease transport to the plasma membrane. Mutations in LST4, LST7 and
LST8, greatly reduced the activities of Gaplp and Put4p. Examination of the
intracellular location of Gap1 p in Ist4, Ist7 and Ist8 mutants revealed that, similar
to the case in sec13 mutants, Gaplp is transported out of the ER, but is absent
from the plasma membrane. Moreover, the effect of Ist4, Ist7, Ist8, and secl3
mutants on Gapi p activity can be partially suppressed by a pep 12A mutation,
which produces a secondary block in transport from the Golgi to the pre-
vacuolar compartment (Becherer et al., 1996). The ability of pep 12A to partially
suppress these mutations is consistent with a defect in a specific transport
pathway from the Golgi to the plasma membrane that can be overridden when
the favored alternative pathway from the Golgi to the vacuole is blocked
(Roberg et al., 1997).
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We have recently found that transport of Gapi p to the plasma membrane
is regulated according to the nitrogen source in the growth medium (Roberg et
al., 1997). In wild-type cells grown on ammonia or urea, Gaplp is transported
from the Golgi to the cell surface and permease activity is high, whereas in cells
grown on glutamate, Gapi p is transported from the Golgi to the vacuole and
never reaches the cell surface. By several criteria, growth on glutamate as a
nitrogen source produces a similar effect on amino acid permeases as
mutations in SEC13, LST4, LST7, or LST8. For the mutants grown on
ammonia, and for wild-type grown on glutamate, the effect on amino acid
permeases shows the same specificity. The two nitrogen regulated permeases,
Gap1 p and Put4p, are greatly affected but constitutive permeases such as
Hip1p, Lyp1p, and Can1p are not affected. Moreover, Ithe localization
experiments that we have performed on the the mutants, indicate that the defect
in Gapl p sorting takes place in the trans-Golgi which is the same step in the
secretory pathway that appears to be regulated by nitrogen source.
What roles might SEC13, LST4, LST7, and LST8 play in Gaplp transport
to the plasma membrane? An attractive possibility, given the known function of
Secl3p as a COPII vesicle coat protein, is that these proteins may be
components of a post-Golgi vesicle coat that is selective for transport of nitrogen
regulated permeases to the cell surface. We have examined the possibility that
other genes required for COPII vesicle formation may also act in Gaplp
transport to the cell surface, but assay of mutations in the COPII genes, SEC12,
SEC16, SEC23, and SEC31, revealed no discernible effect on Gapip activity.
Because special alleles would be required to dissect function at two steps of the
secretory pathway, the possibility remains that new alleles of COPII genes could
reveal involvement of these proteins at steps late in the secretory pathway. It is
not yet known whether Gaplp and Put4p reach the cell surface in a specialized
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nitrogen regulated vesicle or whether a constitutive class of secretory vesicle is
used and loading of the permeases into vesicle is the step regulated by
nitrogen source. Examination of the molecular function of Secl3p, Lst4p, Lst7p
and Lst8p in the late secretory pathway may allow these possibilities to be
resolved.
It is also possible that SEC13, LST4, LST7, and LST8 exert a less direct
effect on permease sorting in the trans-Golgi. Given that sec13, Ist4, Ist7, and
Ist8 mutants produce a similar effect on Gap1 p trafficking as does growth on
glutamate, it is possible that these genes are components of a nitrogen
response pathway. Since almost nothing is known of how yeast cells sense
and respond to nitrogen availability, the experimental tools to test this possibility
are not in hand. If the LST genes are elements of the signal transduction
pathway that governs response to nitrogen source, further analysis of the
function of these genes should provide a new avenue for study of nitrogen
regulation.
We know relatively little about the process of secretory vesicle formation
at the trans-Golgi because none of the secretion mutations have been
demonstrated to affect this step in the secretory pathway. Two distinct classes
of post-Golgi secretory vesicle have been identified which share a common
machinery for fusion with the plasma membrane but may have different
requirements for budding from the Golgi (Harsay and Bretscher, 1995).
Individual mutations that block the formation of only one class of vesicle may
only give a leaky secretion defect, and therefore would likely have been
overlooked in screens for tight secretion mutants. The finding that null alleles of
LST8, and secl3-1 Ist4, and secl3-1 Ist7 double mutants are all inviable,
suggests that these genes may be involved in the transport of essential protein
molecules from the Golgi to the cell surface. Interestingly, the Ist8 mutants
185
isolated here appear to have reduced activity of amino acid permeases in
addition to Gaplp and Put4p, as indicated by the mutants spectrum of
resistance to toxic amino acid analogs. Together these findings open the
possibility that the LST genes may participate in general protein transport from
the Golgi to the plasma membrane.
From previous work and from the gene cloning described here we know
that both SEC13 and LST8 have mammalian homologs that are sufficiently
similar in sequence as to suggest that the function of these gene products will
be conserved (Shaywitz et al., 1995). Tissue expression patterns and
localization studies of the mammalian homologs of Secl3p and Lst8p should
give important clues to the process in mammalian cells that corresponds to the
trafficking of amino acid permeases in the trans-Golgi of yeast.
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Table 1. Saccharomyces cerevisiae Strains
Strain Genotype
CUY563
CUY564
PLY134
CKY45
CKY50
CKY54
CKY58
CKY78
CKY348
CKY423
CKY424
CKY435
CKY436
CKY437
CKY438
CKY439
CKY440
CKY441
CKY442
CKY443
CKY444
CKY445
CKY446
CKY447
CKY448
CKY449
CKY450
CKY451
CKY452
CKY453
CKY455
CKY465
CKY466
CKY480
CKY524
CKY525
CKY526
CKY527
CKY528
CKY529
CKY530
CKY531
CKY532
CKY533
CKY534
All strains
.Huffaker (Cornell University)
.Huffaker (Cornell University)
.jungdahl et al., 1992
Kaiser Lab Collection
Kaiser Lab Collection
Kaiser Lab Collection
Kaiser Lab Collection
Kaiser Lab Collection
Kaiser Lab Collection
are from this study where not otherwise indicated.
MATa ade2 ade3 leu2-3, 112 ura3-52 T
MA Ta ade2 ade3 leu2-3,112 ura3-52 T
MA Ta ade2 ade3 leu2-3, 1121ys2A201 ura3-52 L
gap 1A::LEU2 shr3A 1::URA3 [pPL257]
MA Ta secl3-1 his4-619 ura3-52
MA Ta secl6-2 his4-619 ura3-52
MATa sec17-1 his4-619 ura3-52
MATa sec18-1 his4-619 ura3-52
MATa sec23-1 his4-619 ura3-52
Mata/a leu2-3/leu2-3 ura3-52/ura3-52
MATa secl3-1 ade2-101 ade3-24 leu2-3, 112 ura3-52 [pKR4]
MATa secl3-1 ade2-101 ade3-24 leu2-3, 112 ura3-52 [pKR4]
MATa Istl-1 secl3-1::SEC13, URA3 ade2-101 ade3-24 leu2-3, 112 ura3-52
MATa Ist2-1 secl3-1::SEC13, URA3ade2-101 ade3-24 leu2-3, 112 ura3-52
MATa Ist3-1 sec13-1::SEC13, URA3 ade2-101 ade3-24 leu2-3, 112 ura3-52
MATa Ist4-1 secl3-1::SEC13, URA3ade2-101 ade3-24 leu2-3, 112 ura3-52
MATa Ist5-1 secl3-1::SEC13, URA3ade2-101 ade3-24 leu2-3,112ura3-52
MATa Ist6-1 secl3-1::SEC13, URA3ade2-101 ade3-24 leu2-3,112ura3-52
MATa Ist7-1 secl3-1::SEC13, URA3ade2-101 ade3-24 leu2-3,112ura3-52
MATa Ist8-1 secl3-1::SEC13, URA3 ade2-101 ade3-24 leu2-3, 112 ura3-52
MATa prototroph
MATasec13-1
MATa leu2 gap1 I ::LEU2
MATa ura3 shr3::URA3
MA Ta sec12-4
MATa sec16-2
MA Ta sec23-1
MATa sec31-1
MATa sec13-4
MA Ta sec13-5
MATa sec13-7
MATa secl3-1 pepl2A::TRP1
MATa leu2-3, 112 ura3-52 gap1A ::LEU2 [pPL257]
MATa secl3-1 leu2-3, 112 ura3-52 gap1A ::LEU2 [pPL257]
MATa secl3-A 1 ade2-101 ade3-24 leu2-3, 112 ura3-52 [pKR1]
MATa Ist4-1
MATa lst7-1
MATa Ist8-1
MATa Ist4-1 leu2-3, 112 ura3-52 gap 1::LEU2 [pPL257]
MATa Ist7-1 leu2-3, 112 ura3-52 gap 1::LEU2 [pPL257]
MATa Ist8-1 leu2-3, 112 ura3-52 gap 1::LEU2 [pPL257]
MA Ta Ist4-1 pep 12A:: TRP1
MA Ta Ist7-1 pep12A:: TRP1
MA Ta Ist8-1pepl12A::TRP1
MATagapd1A::LEU2pep12A::TRP1
MATa shr3::URA3pep12A::TRP1
Source or Reference
Figure 1. The activities of Gaplp, Put4p, and a threonine permease are
reduced in a sec13-1 mutant. Isogenic wild-type (CKY443), sec13-1 (CKY444)
and gaplA (CKY445) strains were grown exponentially in SD medium at 240C.
Cells were harvested by filtration, resuspended in SFD, and [14C]-labeled
amino acids were added to a final concentration of 41pM. Aliquots were
removed at 30 second intervals for 2.5 minutes, cells were collected by filtration,
and total counts associated with the cell bodies were determined. Relative
rates of amino acid uptake are expressed as a percentage of wild-type uptake
for a given amino acid. The absolute rates of amino acid uptake for wild-type
cells were as follows: threonine, 1.5+.04 pmol/min/OD 600; serine, 5.0±.46
pmol/min/OD600; citrulline, 33±.37 pmol/min/OD600; proline, 5.8±.08
pmol/min/OD600; histidine, 1.6+.01 pmol/min/OD 600; arginine, 35±.05
pmol/min/OD600; lysine, 55±2.0 pmol/min/OD 600.
194
rsecl3-1 gapl secl3-1 gapl secl3-1 gapl secl3-1 gapl secl3-1 gapl secl3-1 gapl secl3-1 gapl
Threonine Serine Citrulline Proline Histidine Arginine Lysine
100
S010
1-
<.- ii
Figure 2. The effect of different SEC13 alleles on growth and Gaplp activity.
Wild-type (CKY443), sec13-1 (CKY444), sec13-4 (CKY451), sec13-5 (CKY452),
sec13-7 (CKY453), sec13-8 (CKY454) were assayed for Gaplp activity at 240C
(as described in Figure 1), and for growth at different temperatures. Growth was
assayed by spotting 4 x10 6 cells onto solid SD medium and incubating at the
indicated temperature for two days.
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Figure 3. SEC13 is the only COPII gene with a specific effect on Gaplp
activity. Gapl p activity was assayed at the permissive growth temperature of
240C in wild-type (CKY443), secl3-1 (CKY444), sec12-4 (CKY447), sec16-2
(CKY448), sec23-1 (CKY449), and sec31-1 (CKY450) strains. Gaplp activity
was determined by the rate of [14C] citrulline uptake as described for Figure 2.
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Figure 4. Mutations in SEC13 and LST4, LST7, and LST8 confer resistance
to a subset of toxic amino acid analogs. An equal number of wild-type
(CKY443), sec13-1 (CKY444), Ist4-1 (CKY523), Ist7-1 (CKY525), Ist8-1
(CKY526), gap1A (CKY445), and shr3A cells were spotted onto solid SD
medium containing toxic amino acid analogs. Growth was scored after
incubation for two to four days at 240C.
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Genotype
wild-type secl3 1st4 1st7 lst8 gaplA shr3A
L-azetidine-2-carboxylate
(proline)
4-aza-D,L-leucine
(unknown)
f3-chloro-D,L-alanine
(serine ?)
D,L-ethionine
(methionine)
L-canavanine
(arginine)
2-aminoethyl-L-cysteine
(lysine)
p-fluoro-D,L-phenylalanine
(tyrosine or phenylalanine)
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Figure 5. The activities of Gapl p and Put4p are reduced in Ist4, Ist7, and Ist8
mutants. Wild-type (CKY443), secl3-1 (CKY444), Ist4-1 (CKY523), Ist7-1
(CKY525), Ist8-1 (CKY526), and gaplA (CKY445) cells were grown
exponentially in synthetic medium with ammonia as a nitrogen source at 240C.
The rate of uptake of [14C]-labeled amino acids was determined as described
for Figure 2.
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Figure 6. Gapl p is not present in the plasma membrane in Ist4, Ist7, and Ist8
mutants. Wild-type (CKY465), Ist4-1 (CKY527), Ist7-1 (CKY528), and Ist8-1
(CKY529) strains expressing Gapl p-HA were grown at 240C and cell lysates
were fractionated on density gradients of 20-60% sucrose. Relative levels of
Gaplp-HA, Pmalp (plasma membrane marker), and Sec61lp (ER marker) were
quantitated by Western blotting and densitometry. GDPase levels (Golgi
marker) were determined by enzymatic assay. The peak fractions, containing at
least 80% of a marker protein, are indicated.
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Figure 7. Gapilp localization in Ist4, Ist7, and Ist8 mutants. Wild-type
(CKY465), shr3A (PLY134), sec13-1 (CKY466), Ist4-1 (CKY527), Ist7-1
(CKY528), and Ist8 -1 (CKY529), each expressing Gapi p-HA from a
centromeric plasmid, were fixed with formaldehyde and labeled with both anti-
HA and anti-Kar2p antibodies. Anti-HA and anti-Kar2p antibodies were
visualized with FITC and rhodamine-coupled secondary antibodies,
respectively. Magnification is 3,900X.
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Gap p-HA Kar2p
wild-type
shr3Al
lst8-1
lst4-1
lst7-1
secl3-1
Kar2pGaplp-HA
Figure 8. The Gapilp transport defect in Ist4, Ist7, and Ist8 mutants can be
partially suppressed by deletion of PEP12. The following strains were assayed
for Gapip activity as described for Figure 2: wild-type (CKY443), sec13-1
(CKY444), sec13-1 pep12A (455), Ist4-1 (CKY523), Ist4-1 pep12A (CKY530),
Ist7-1 (CKY525), Ist7-1 pep12A (CKY531), Ist8-1 (CKY526), Ist8-1 pep12A
(CKY532), gaplA (CKY445), gap1A pep12A (CKY533), shr3A (CKY446), and
shr3A pep 12A (CKY534).
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Figure 9. LST8 encodes a WD40 repeat protein with a human homologue.
(A) Aligned WD40 repeats within Lst8p compared to the WD40 consensus
sequence. Highlighted residues fit the consensus as defined by van der Voorn
and Ploegh, 1992. 0 represents any hydrophobic amino acid. 8 represents any
non-charged amino acid. (B) Comparison of Lst8p a human homologue
derived from expressed sequence tags (ESTs). The human Lst8p homologue
is a composite of four EST sequences from The Washington University-Merck
Research Project: amino acids 1-60, N99741; amino acids 61-188, R17485;
amino acids 189-277, AA150550; amino acids 278-326, W74025.
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170 180 190 200 210 220
240 250 260 270 280 290
HUMESUSAIKTVKIWK-DVNFSLMTELKHQERQPRGSPPAAWMWGCALSGDSQYIVTASSDNLAR
LST8:CSADHTARVWSIDDDFKLETTLDGHQR---------WVWDCAFSADSAYLVTASSDHYVR
230 240 250 260 270
300 310 320
HUMES'ILWCVETGEIKREYGGHQKAVVCLAFNDSVLG
LST8 : LWDLSTREIVRQYGGHHKGAVCVALNDV
280 290 300
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Preface
The work described in this thesis began five years ago as a search for
mutations that were lethal in combination with sec13. The original intent of this
screen was the identification of new genes involved in general transport from
the ER to the Golgi. Instead, we uncovered genes that are required for the
transport of specific plasma-membrane proteins at various points of the
secretory pathway. One of the genes identified in this screen, LST1 (Lethal with
sec-thirteen one), is required for the efficient export of the plasma membrane
proton-ATPase (Pmal p) from the ER. In addition, we have found that three
other LST genes, along with SEC13 itself, are required for the regulated
delivery of the general amino acid permease (Gapl p) to the cell surface.
Together these studies demonstrate that some membrane proteins require
specific factors for their delivery to the cell surface, in addition to the general
factors required for the transport of all proteins through the secretory pathway.
In this concluding chapter I review what has been learned through the study of
the LST genes and discuss further avenues of investigation.
Lstlp
LST1 showed genetic interactions with all of the genes required for
COPII vesicle formation, thus leading us to suspect that it would be involved in
vesicle formation at the ER. Consistent with this view, cloning and sequencing
of the LST1 gene revealed Lstl p to be a homologue of the COPII component
Sec24p. Furthermore, like Sec24p, we found that Lstlp is a peripheral ER-
membrane protein that can form a complex with Sec23p, another component of
the COPII coat. The function of Lstl p, however, is quite different from those of
the COPII components. The COPII genes are all essential, because of their
critical role in the general transport of proteins out of the ER. In contrast, LST1
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is not essential, and therefore is not required for general transport through the
secretory pathway. We found, however, that deletion of LST1 does cause poor
growth on acidic medium. The nature of this sensitivity to low-pH was explained
with the finding that Lstl p is involved in the transport of the plasma membrane
proton-ATPase (Pmalp) out of the ER. We have proposed a model in which
Lstl p, but normally not Sec24p, actively recruits Pmal p into vesicles formed at
the ER.
Confirmation of our model will require considerable effort. One point that
can be readily addressed, however, is whether Lstl p is in close proximity to
Pmal p on ER membranes. By using the GST-Lstl p fusion construct, it should
be possible to determine if Pmal p can be detected in association with Lstl p.
From our model Lstl p is expected to be present on ER-derived vesicles and to
increase the incorporation of Pmal p into these vesicles. To address these
points the in vitro vesicle budding reaction can be used. In vitro studies can
also be used to determine if Pmalp is preferentially loaded into vesicles formed
in the presence of Lstl p compared to those formed by Sec24p. It should also
be possible to determine if Lstl p and Sec24p are part of distinct vesicle coats,
or if they can both be found in the same vesicle coat.
One question that should be answered is whether other proteins are also
dependent upon Lstlp for their efficient export from the ER. Because a IstlA
strain grows as well as wild-type on neutral pH media, it is unlikely that any
essential protein requires Lstlp, and therefore non-essential proteins should be
the focus of this investigation. Transport of the a-factor mating-pheromone
transporter, Ste6p, has already been linked to that of Pmal p, and therefore
Ste6p transport may also be dependent on Lstl p for its export from the ER. As
described in the introduction, expression of the Pmalp-D378N mutant protein,
resulted in the specific accumulation in the ER of both Pmal p (wild-type and
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mutant forms) and Ste6p (Harris et al., 1994; Zhu, 1996), while other proteins
examined were properly exported from the ER. These findings led to the
suggestion that a special factor or factors may be required for the transport of
both Pmal p and Ste6p. To determine if Lstl p is such a factor, the localization
of Ste6p can be examined in IstlA cells using the methods described in
Chapter 2.
To identify other proteins whose transport requires Lstl p, a "brute force"
approach can be employed. Antibodies and tagged fusions exist for many
plasma membrane and vacuolar membrane proteins. Where possible, these
should be obtained and the proteins localized in IstlA mutants to determine if
any are blocked in the ER. If additional proteins are identified that require Lstl p
for their export from the ER, comparison of their primary sequences to that of
Pmal p may reveal a common motif that is required for Lstl p-dependent
transport.
A new role for SEC13 in the regulated delivery of Gapip to the
plasma membrane
The majority of the LST genes showed synthetic-lethal interactions only
with sec13, but not with other genes involved in COPII-vesicle formation. This
suggested that these LST genes might interact with SEC13 to perform a
function other than vesicle formation at the ER. Analysis of LST3, LST5 and
LST9 revealed that these genes were required for the synthesis of either serine
or threonine, and led to our uncovering of a role for SEC13 in the specific
transport of the general amino acid permease (Gaplp). In a series of
experiments addressing the location of Gaplp in sec13 cells, we demonstrated
that the defect in Gaplp transport in sec13 mutants did not occur at the ER, but
rather in transport between the Golgi and the plasma membrane.
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The special requirement for secl3 in the delivery of Gaplp to the cell
surface raised the question of why Gaplp transport should be distinct from that
of other proteins. An explanation was revealed by our observation that delivery
of Gap1 p to the cell surface was regulated as a function of the nitrogen source
available in the growth medium. In ammonia or urea media, Gapilp is
transported from the Golgi to the cell surface in a SEC13-dependent manner. In
glutamate medium, even in wild-type cells, Gapl p transport to the cell surface is
blocked at the Golgi. However, when glutamate-grown cells are shifted to a
medium with a poor nitrogen source, such as urea, Gapilp is rapidly transported
to the cell surface, resulting in a 100-fold increase in Gaplp activity in 20
minutes. Our results have led to a model in which SEC13 is required for the
formation of the vesicles that transport Gaplp via this regulated pathway to the
cell surface.
Although our data suggest a direct role for Secl3p in the regulated
delivery of Gaplp from the Golgi to the plasma membrane, we cannot yet
discount the possibility that the secl3 mutation indirectly affects the delivery of
Gapip to the plasma membrane. In this alternative model, a protein required
for the regulated transport of Gaplp would be specifically blocked in the ER in
secl3 mutants even at the permissive temperature, causing the defect in Gapi p
transport later in the pathway. To eliminate this "indirect" model, a
demonstration that Secl3p is present later in the secretory pathway is
necessary. The best approach would be to show that Secl3p is present on
secretory vesicles containing Gapilp. Recently, COPII-coated vesicles carrying
Gapl p-HA formed in vitro from ER membranes have been immuno-isolated
using anti-HA antibodies (Kuehn et al, 1996). A similar approach may be useful
for isolating secretory vesicles carrying Gaplp-HA that are accumulated in a
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sec6 mutant. Once isolated, these vesicles can then be examined for the
presence of Secl3p.
We have proposed that the regulated step in Gaplp transport occurs at
the level of vesicle formation at the late-Golgi compartment. This idea is based
on the finding that most of the Gaplp in glutamate-grown cells passes from the
Golgi to the pre-vacuolar compartment (Chapter 3, Figure 5), suggesting that
forward transport from the Golgi to the plasma membrane is inhibited by growth
on glutamate. However, this finding does not exclude the possibility that a
fraction of the total Gap1p synthesized in glutamate-grown cells is sequestered
in a post-Golgi storage compartment such as specialized secretory vesicles. In
this model, Gapi p from these vesicles is the source of the initial burst of Gap1 p
activity that rapidly appears upon a shift from glutamate to urea medium. To
examine this possibility, secretory vesicles from glutamate grown cells can be
isolated and examined for Gaplp-HA. Work along these lines is currently in
progress, but has yet to reveal a conclusive answer.
LST4, LST7, and LST8 and delivery of Gaplp to the cell surface
Once we had recognized that the effect of secl3 on permease activity
was distinct from the known role of SEC13 in COPII vesicle formation, we
considered it possible that the LSTscreen had identified additional genes that
acted with SEC13 in the delivery of Gap1p to the cell surface. We found that
mutations in LST4, LST7, and LST8, all severely affected Gapilp activity.
Furthermore, we have found that, like SEC13, each of these genes is required
for the delivery of Gap1 p from the Golgi to the cell surface.
There is a great deal to be done to determine the functions of Lst4p,
Lst7p, and Lst8p. Recent work using HAl-epitope tagged versions of Lst7p and
Lst8p, has suggested that both are peripheral membrane proteins (S. Bickel
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and C.K. Kaiser, unpublished results). Their cellular location, however, remains
to be determined. Similar studies will need to be performed using Lst4p-HA
fusions once the LST4 gene has been cloned using the colony sectoring assay.
As our current model proposes that Lst4p, Lst7p, and Lst8p form a vesicle coat it
will be important to determine if these proteins can form complexes with each
other, as well as with Secl3p. Through the use of two-hybrid analysis and
GST-Lst fusions, these potential physical interactions can be readily examined.
Finally, it will be important to determine if Lst4p, Lst7p, and Lst8p are found on
secretory vesicles using the approaches described above for Secl3p.
Determining the nature of the lethality caused by combining Ist4, Ist7, and
Ist8 with secl3 will lead to a better understanding of the roles of all four genes.
The possibility that these double mutants are defective for the general transport
of proteins from the Golgi to the plasma membrane is particularly interesting.
Recently, we have found that Ist4 secl3 and Ist7 sec13 double mutants can be
propagated at 240C, but that they grow much more slowly than wild-type.
(These Ist mutations were originally identified by the colony sectoring assay
because the Ist sec13 double mutant grow significantly slower than the single
/st mutant carrying the SEC13 ADE3 plasmid.) The rate of transport of secreted
proteins, such as invertase, should be examined in these strains to determine if
their poor growth results from a general defect in transport through the secretory
pathway.
In addition to affecting the activity of Gaplp and Put4p, the Ist8 gene also
appeared to affect the activities of the arginine permease, Cani p, and at least
one methionine permease (Chapter 4, Figure 4). After these defects have been
confirmed by examining arginine and methionine uptake, the localization of
Can1p and the methionine permeases (Mupip and Mup2p) can be examined
in Ist8 mutant cells to determine if they are properly transported to the cell
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surface. In addition, construction of a conditional Ist8 allele would allow for the
analysis of Ist8A strains to determine if they are inviable due to a general
secretory defect.
LST2 and LST6, the last of the LSTs
In this thesis, I have accounted for seven of the nine LST genes, but have
not discussed LST2 and LST6 in detail. Cloning of LST2 revealed it
corresponded to the previously identified MKS1 gene (Matsura and Anraku,
1993), which encodes a putative transcription factor required for maximal
activity of the GAL1 promoter. In addition, MKS1 shows genetic interactions
with the GAL 11 gene, which has been found to encode a component of the RNA
polymerase II holoenzyme (Barberis et al, 1995). Like GAL 11, MKS1 is
believed to function in the transcription of a variety of genes. We therefore
suspect that Mksl p/Lstl p acts to regulate a gene required for growth of secl3
mutants. As this gene could be SEC13 itself, or any of the SEC genes involved
in COPII vesicle formation, or any of the other LSTgenes, further study of the
connection between MKS1/LST2 and SEC13 is likely to be of little value.
In contrast to LST2, the future study of the LST6 gene holds great
promise. In addition to showing synthetic-lethal interactions with sec13, sec16,
and sec31 (Chapter 2, Table 3), Ist6 is also inviable with mutations in sec24.
Furthermore, we have found that the Ist6 sec 13 synthetic lethality can be
suppressed by providing either SEC24 or SEC31 on a low-copy plasmid.
These genetic interactions are strong evidence that Lst6p acts in vesicle
formation at the ER. Addressing the question of whether LST6 acts in the
general transport of all proteins, like the SEC genes, or in the specific transport
of a subset of proteins, like LST1, awaits the cloning of the LST6 gene which is
now in progress.
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Figure 1. The LST genes act in a variety of processes. LST1 is required for
the export of the plasma membrane proton-ATPase (Pmalp) from the ER.
LST2/MKS1 (not shown) encodes a putative transcription factor. LST3/SER2,
LST5/THR4, and LST9/HOM6 encode enzymes required for the synthesis of
either serine or threonine. LST4, LST7, and LST8 are required for the
regulated delivery of Gaplp to the cell surface in cells grown on either urea or
ammonia media. (See Chapter 3, Figure 10, for a model of the alternative
routes of transport of Gaplp.) The role of LST6 is yet to be determined, but
genetic interactions suggest it acts at the ER.
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